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Preface

In response to a request from the National Aeronautics and Space
Administration (NASA), the National Research Council (NRC) as-
sembled a panel to review the meteorological support related to space
operations at the Kennedy Space Center (KSC). A copy of the ini-
tial NASA request is included in Appendix A. Specifically, the panel
wM requested to review the requirements for meteorological informa-
tion at KSC and to prepare recommendations for NASA regarding
the feasibility, development, and implementation of a meteorologi-
cal facility at KSC that would (1) improve the quality, utility, and
reliability of meteorological information for planning and operations
and (2) provide a facility at which atmospheric scientists may pursue
short-term weather research to improve KSC operations.

In negotiations between NASA and the NRC, the scope of the
task was broadened slightly. It was agreed that the panel would "re-
view the state of scientific understanding of meteorological factors
relevant to space operations at KSC, including existing observa-
tion and forecast systems and the utilization of meteorological infor-
mation in decision making, identify potential improvements to the
present system at KSC in terms of NASA requirements, and make
specific recommendations for the development and implementation

vfi
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of improved systems to address NASA's research and operational
goals.""

This study is timely in that it follows the Space Shuttle Chal-
lenger explosion on January 28, 1986, and the lightning-related de-
struction of the Atlas-Centaur 67 rocket on Maxch 26, 1987.

With recent advancements in ways to probe the atmosphere

and the development of new avenues for processing, communicating,
and interpreting meteorological information, much-improved meteo-

rological support for space operations should be possible. This report
reviews NASA's present program of meteorological support for space
operations and offers suggestions for improvements.

The panel visited a number of sites during its study. In the
period from August 31 to September 2, 1987, the panel visited the

Kennedy Space Center; on October 30, interviews were conducted
at NASA headquarters; and from December 1 to 3, 1987, the panel

visited Johnson Space Center. Other meetings of the panel focused
on the preparation of this report. A list of the persons who made

presentations to the panel or were interviewed by the panel is included
in Appendix B.

Although the study has been conducted for NASA, the panel has

recognized that the report is likely to be read not only by NASA ad-
ministrators and meteorological support personnel, but also by many
other people with varying familiarity with the space program. Even

among those working within the space program, there are varying
degrees of familiarity with meteorological support operations. For

this reason, the panel felt it would be useful to include a consider-
able amount of background information to provide an overview of

the nature of meteorological support for space operations and the
organizational environment in which it exists.

The Executive Summary reviews the principal conclusions and

recommendations of the panel. Chapter 1 outlines the weather el-
ements that are important for space operations and the manner in
which they are critical, Chapter 2 contains an overview of the orga-

nizational structure of the weather support activities for the space
program. Chapter 3 reviews the observational systems, and Chapter

4 suggestssome possibletechnologicalupgrades formeteorological

analysisand forecastingoperationsinsupport of space operations.

"From the proposal written in response to NASA's request for the NRC

panel.

viii

1989020570-007



Chapter5 outlinesan organizationalframeworkthatthepanelbe-
lievesisneededtofostera vigorousand vitalmeteorologicalprogram
insupportofbothmanned and unmanned spaceflight.

would liketothankthemembers ofthepanelfortheirconsci-
enGousattentiontoourdeliberations.Each member attendedallof

thepanelmeetingsand contributedsignificantlyinthepreparation
ofthetext.IwouldliketoacknowledgetheroleofGregoryS.Forbes,
who assembledandreassembledthemany draftsofthereport.Inad-
dition,specialthanksgo toKarenPoniatowskiand ArlenePeterson
oftheNASA OfficeofSpaceFlightfortheirassistance.

CharlesL.Hosler,Chairman
Panelon MeteorologicalSupport
forSpaceOperations
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Executive Summary

Remote sensing and computer technologies have developed to
the point where great new advances in real-time weather observing
and forecasting are possible. An opportunity exists to make all
phases of the manned and unmanned space programs more efficient,
less threatened by delay, and free of weather-related hazards that
could lead to damage or loss of spacecraft or even human lives. It is
vital to make improvements within the meteorological support and
launch decision infrastructure of NASA that may avert a repetition
of tragedies such as the Atlas-Centaur 67 destruction on March 26,
1987, and the Space Shuttle ChallenOer explosion on January 28,
1986.

This report recommends mechanisms by which NASA can put
into operation state-of-the-science meteorological technology and ad-
vanced weather forecasting techniques to enhance the efficiency, re-
liability, and safety of apace operations. The spirit motivating these
recommendations is the panel's belief that NASA should strive to
exploit the benefits of the cutting edge of new meteorological tech-
nology, just as it exploits the potential of the numerous other tech-
nologies that support space flight. In striving to reach this goal,
NASA can pave the way for many other applications of these ad-
vanced meteorological capabilities.
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Sincetheinceptionoftheshuttleprogram,t .4needsformete-
_orologicalsupporthavebeccme clearerand thequalityof theme-
teorologicalsupportavailablehas improved.However,itbecame
obviousto allmembers ofthepanelearlyin',hisstudythatNASA
hasnothad a coordinatedmeteorologicalsupportprogram.Owing
tothislackofcoordination,spaceprogramneedsand meteorological
expertisehavenotyetbeenadequatelybroughttogether.

The needfora coordinatedand improvedweathersupportpro-
gram hasalreadybeenexpressedby otherswithinNASA. InOctober
1986,theNASA SpaceShuttleWeatherForecastingAdvisoryPanel
(JohnTheon,chairman)issueditsfindingsand recommendations
to theNASA associateadministratorforspaceflight.Theirfirst
and foremostrecommendationwas that _Shuttleweatherservices

must be organizedinsucha way tobringthem up totheverybest
state-of-the-scienceand technologyand underan optimalmanage-
ment situation."Toward thisend,theyleconunendedthat_NASA
shouldestablisha WeatherSupportOfficeatthetoplevelofShuttle

operationstoplan,organize,focus,and directtheactivitiesrelated
to SpaceShuttleweathersupport."The Panelon Meteorological
SupportforSpaceOperationsendorsesthisrecommendation.(All
recommendationsfromtheTheonreportarereproducedinAppendix
C ofthisreport.}Inthereportthatfollows,thepanelamplifiessome
oftheseearlierfindingsand addsadditionalrecommendations.

The taskof reorganizationwillnotbe simple.Meteorological
supportforspaceoperationsisat presentfragmented.The U.S.
Air ForceAir WeatherServiceprovidesobservingand forecasting
personnelatKennedy SpaceCenter(KSC),VandenbergAFB, and
Edwards AFB. NOAA providessupportto JohnsonSpace Center
(JSC).A privatemeteorologicalfirmprovidesforecastingservicefor
the WallopsIsland,Virginia,FlightFacility.The MarshallSpace
FlightCenter(MSFC) providessome technicalguidanceto both
KSC and JSC, and othergroupsarealsoinvolved,includingcon-
tractors.The variousparticipantsreporttodifferentorganizations
withinNASA.

FollowingtheTheon reportand the formationof thispanel,
a Weather SupportOffice(WSO) was createdwithinthe Office
of SpaceFlight(OSF),and on December 6, 1987,a directorwas
appointed.To bringabout substantialimprovementsin weather
support, it i8 now imperative that NASA give clear and unambi#u-
oes authority to the WSO, and grant it sufficient budget authority to

I
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ensurean integratedand coordinatedmeteorologicalsupportpro-
gram forallground,launch,landing,andrecoveryactivities.Weather
support for manned and unmanned space flight should be a single co-
hesive program coordinated through the Weather Support Office.

This panel urges that all possible support be directed to this
vital aspect of space operations. There axe many good scientists and
technicians involved in meteorological research and support activities
within NASA, but they axe not sufficiently focused on the operational
problems of space flight. Each of NASA's research centers should be
strongly encouraged to cowanit some of its resources in the effort to
upgrade meteorological support for the space program.

Although Air Weather Service and National Weather Service
forecasters have been supporting space operations with skill and ded-
ication, the technology and techniques they have employed up to this
time axe not adequate to meet unique and stringent future require-
ments. Up to this point in the space program, launches have been
relatively infrequent and delays have been accommodated. Thus it
has, in principle, been lzossible to wait until ordinary meteorologi-
cal observations have indicated an ideal launch window. However,
there remains the concern that conventional techniques might fail to
detect certain hazards. As launches axe scheduled more frequently,
delays will become less tolerable. There will be a need to identify a
greater number of low-risk launch windows. This task requires im-
proved observations and predictions of many special meteorological
variables and phenomena of unique significance to space launches--
e.g., triggered lightning, precipitation size and type, wind shear, and
turbulence--with a degree of sensitivity, timeliness, and accuracy
unique to the space program.

The panel offers the following recommendations so that as the
space program moves into a revitalized era, space program personnel
may use meteorological information with confidence during all phases
of space operations. Recommendations are spelled out in greater
detail in subsequent chapters, where expanded justification rationale
is also given.

RECOMMENDATIONS

The panel identified five principal categories of deficiencies in the
program of weather support for space operations:

1. Quantification of weather hazards.
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2. Observing systems capable of detecting specific weather haz-
ards.

3. Analysis and forecasting schemes for specific weather haz-
ards.

4. Coordination of applications research and operational pro-

grams.
5. Organizational structure to promote continued improvement

of weather support as needs change and capabilities improve.

A chapter in the report has been devoted to each of these prin-

cipal deficiencies (although not exactly in the sequence presented
here). The key recommendation_ addressing each of these problems
are presented below. Additional observations and conclusions are

highlighted within the chapters of the text.

Recommendation 1: With expectations of more frequent
launches and an associated decrease in the margin of weather

safety, it is imperative that NASA quantify more rigorously
the relationships between magnitudes of weather variables
and the hasard_ they pose to space vehicles. Fltght rules and

launch commit criteria should be based on these relationships.

Many of the meteorological variables critically affecting space
opelations have not been adequately quantified to the point where

weather support can be focused on specific threshold values. At
the same time, Space Shuttle program managers have not defined
precisely what weather information is needed. Thus the weather
support system has not been able to concentrate sufficiently on the
special problems of the Space Shuttle. Some critical parameters are

currently not measured--such as drop sizes in clouds and rain, which

are hazardous because of the possibility of protective tile damage--
and there is no program to initiate these types of measurements. At
the time when the Atlas-Centaur spacecraft was destroyed, NASA

and the Air Weather Service were operating the largest network of
electric field mills in the world, but measurements of electric fields
had not yet been incorporated into the weather commit criteria as a

guard against triggered lightning. Wind shear and turbulence criteria
are also not quantitatively defined.

Recommendation 2: New and improved instrumentation

must be used to detect weather conditions and phenomena
that are hazardous to space operations,
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Many oftheweatherelementsmost criticaltospaceoperations
arenot beingmeasureddirectly.Theirexistenceisbeinginferred
throughrelationshipswith other,directlyobservable,parameters.
Forexample,lightningstrikesinclouds,and theelectricfieldsthat
providea potentialfortriggeredlightningin clouds,are inferred
from surface-basedelectricfieldreadings.Launch-timewind and
wind shearhazardsareestimatedby usingsoundingspriortolaunch
inconjunctionwithclimatologicalstatisticsofexpectedshort-term
wind variance.These typesofindirecthazardassessmentsareac-
ceptablewhen no otheroptionsareavailable,butwhen more direct
measurementsystemsareavailabletheyshouldbe used.

Displaysfrom additionalexistinglightningdetectionnetworks
shouldbe made availableintheKSC weatherforecastoffice,and a
new systemshouldbedevelopedtodetectin-cloudlightning.Instru-
mented aircraftshouldbe usedto measureelectricfieldsaloftthat

couldleadtotriggeredlightningand tomeasurethetypesand sizes
ofprecipitationthatcoulddamage theSpaceShuttle.Multiparame-
terradarand ground-baseddisdrometersshouldbe usedtoexamine
thetemporaland spatialvariabilityofprecipitationtypeand size.A
networkofwind profilersshouldbe usedtodetectrapidlychanging
patternsofwind and wind shearsor toensuretheirnonexister,ce.

SeveralDopplerradarsshouldbe deployedtodetectprobableareas
ofwind shearand turbulenceand toidentifylow-levelwind conver-
gencezonesinwhichthunderstormsarelikelytoform.

Alternativelandingsitesoverseashave,untilnow,beenequipped
onlywith rudimentaryinstrumentationand have,in some cases,
reliedon localobservers.Thesesitesshouldbe surveyedtoensure
theavailabilityofadequateweatherobservationsforsafe:ecovery.

Recommendation 3: A number of emerging techniques for
weatheranalysisand forecastingand declslonmaking must
be activelypursued.

The introductionof new instrumentationshouldimmediately
improvedetectioncapabilities,but itwillnotnecessarilyensureim-
provementsinweatherforecasts.Presentweatherforecastingtech-
niqueshavebeendevelopedforusewiththetypesofdatapre-iously
availableand willneedtobemodifiedtoincorporatenew databases.
Improvementsinknowledgeofthequantitativerelationshipsbetween
weather elements and space flight risk will necessitate a fine-tuning
of weather forecasts to accurately predict specific values of particular
weather variables.

I
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Techniques to be developed include a local weather analysis
system, an interactive computer-aided decision-m_king system, and
nested grid numerical weather predictiop :.todels.

Recommendation 4: To bring about substantial hnprove-
msuts In weather support, it is imperative that NASA give
clear and unambiguous authority to the Weath_ Support
Office and give it sufficient budgetary anthorlty to ensure an
integrated and coordinated meteorological support progj-sm
for all phases of the manned and unnumned space programs.

It has been made clear by the Theon report, and in all of the
presentations heard by this panel, that the organizational structure of
NASA has inhibited an integrated and coordinated weather support
program that would focus NASA's considerable technological and
human resources and expertise on NASA's operational space flight
problems. The primary mission of the WSO should be to mobilize
and coordinate as many of these resources as possible toward one
objective: to develop and implement new technologies for observing,
analyzing, and forecasting the weather elements most critical to the
space p:_gram. In the context of this report, WSO should serve as
the administrative office charged with ensuring the execution of the
other recommendations.

Recommendation 5: An Applied Research and l_orecasting
Facility (ARPF) should be established at Kennedy Space
Center to promote the development and application of new
measurement technology and new weather analysk and fore-
casting techniques to improve weather support for space op-
eratious, to provide forecaster education and tralntng_ to
coordinate field programs involving the meteoroi_lcal com-
mmalty, and to conduct an active visiting scientist program.

The paramount function of the Air Weather Service detachment
at the Cape Canaveral Forecast Facility, which services KSC and the
NOAA group at JSC, is to provide operational weather support on a
daily basis for the many launches and ground activities in progress.
Neither group has a mission to conduct research, and they are not
adequately staffed to coordinate new programs to develop and install
advance<] instrumentation and new techniques for weather analysis
and forecasting at KSC. However, the unique weather sensitivities of
the space program dictate that new observing systems are required

1989020570-016



in order to improve the quality of weather support. A great deal of
effort is required to develop procedures for using these systems to
improve operational weather analysis and forecasting and to train
operational weather forecasters to use these procedures. Thus an
ARFF is needed to help the WSO in the mission of developing new
observing, analysis, and forecasting technologies. This assistance
should include the special tasks of determining how best to use
the technologies in the KSC environment and of transferring the
technology to the operati_val forecast offices. These tasks should
employ an experimental weather forecasting facility within ARFF
where new techniques can be tested and operational forecasters can
be stationed for training. An advisory committee should be formed
to assess for WSO the ongoing efforts to improve weather support
and to suggest additional or alternative approaches.

CONCLUDING REMARKS

The National Aeronautics and Space Administration has been
poorly organized to provide weather support, and the result is a sys-
tem that is 1_._ than state-of-the-science. Unless radical changes are
made now in the way services and applied research are coordinated,
weather will loom larger as a threat to a rejuvenated and accelerated
space flight program. To make available greater numbers of safe
launch and recovery windows and to provide a more complete recog-
nition of hazards that are at present poorly observed and predicted,
a larger, more comprehensive, and better integrated program will be
required. This program will require rapid technology and technique
development, testing, and transfer to operational status.

The panel believe_ that, in order to maximize the safety of
launches of manned and unmanned vehicles and landings of the Space
Shuttle, the space program most critically needs current weather in-
formation and forecasts valid for 2 hours or less. The quality of the
latter very-short-term forecasts (or _nowcasts') is often, in reality,
limited by the quality of the observations. Accordingly, the panel
places the highest priorities on the improvement of existing observ-
ing systems and on the deployment of new measurement systems.
Further, these actions can yield almost immediate improvements in
weather support. Observations of lightning, electri_ fields aloft (in
order to identify nonelectrified clouds that axe sale to penetrate), and
rapid wind variations are most urgently needed. The panel advocates
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implementation of the following actions as rapidly as possible: in-
strumenting an aircraft to measure electric fields aloft, wind velocity,
and turbulence along the launch/landing paths; installing a single
wind profiler to detect sudden wind changes; and installing displays
of additional lightning detection networks in the weather office to
monitor thunderstorm systems approaching the KSC area. The de-
,elopment of forecasting techniques can follow, and benefit from, the
new instrumentation.

Because of its high visibility, the space program is a critical
focal point from which the public, the national and international
scientific communities, and the nation's decision makers derive their
perceptions of the scientific, engineering, and technological expertise
in the United States. It is incumbent on all scientists and engineers
to be sure that the best technology and expertise are utilized to
ensure the success of the program.

II I
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Sensitivity of the Space Program to
Weather Elements

On November 14, 1969, the Apollo 12 space vehicle was launched
from complex 39A at the NASA Kennedy Space Center (KSC),
Florida. At 36.5 seconds into the flight, and again at 52 seconds,
major atmospheric electrical disturbances occurred that were subse-
quently attributed to vehicle-triggered lightning. Temporary disrup-
tions of normal operations included the loss of attitude reference by
the inertial platform in the spacecraft, illumination of many warning
lights and alarms in the crew compartment, disconnection of the
electronic circuitry to three fuel cells, loss of communication, and
disturbances to the timir,g system, clocks, and other instrumenta-
tion. Nine nonessential instrument sensors with solid-state circuits
were permanently damaged. It was most fortunate that the triggered
lightning damage did not have disastrous consequences.

On March 26, 1987, an Atlas-Centaur unmanned vehicle was
launched from pad 36B at Cape Canaveral Air Force Station. The
weather conditions were similar to those present at the time of Apollo
12, and this time the outcome was calamitous. At 16:22:49 EST,
about 48 seconds after liftoff, the vehicle initiated a four-stroke light-
ning flash to ground. This discharge caused a memory disruption
in the vehicle guidance system that, in turn, initiated an unplanned
yaw maneuver. The resulting exaggerated angle of attack produced
stresses that caused the vehicle to break apart. About 70 seconds
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after liftoff, the range safety officer ordered that the Atlas-Centaur be
destroyed, in order to protect those below from large falling debris.

Both of these events illustrate that triggered lightning is cur-
rently one of the major forecasting problems at KSC. This threa_
may have already caused NASA managers to adopt an attitude of
overconservatism to the extent that almost any cloud overhead may
now merit the delay of a launch. Thus it is also important to know
when clouds are benign and safe to fly through. There are also other
weather phenomena (such as wind, wind shear, and precipitation)
that may be hazards and that at present are not being observed or
forecast adequately.

Space vehicle encounters with adverse weather conditions have
been quite limited over the 30-year history of the space program,
owing to a judicious selection of launch days, landing sites that
usually favor benign weather environments, and the relatively short
periods of time when the flight is in the weather-bearing layers of the
atmosphere. The accumulated "exposure" time, amounting to a few
minutes during each launch and up to an hour on manned reentry
and landing, makes the total base of weather experience a few days at
most. Until recent years, this limited weather experience had led to a
belief that weather was of secondary importance in space operations.
The panel hopes this perception no longer prevails.

Meteorologists realize that the space program has been relatively
luckywithrespecttoweatherhazards.Researchinthelastdecade
has revealedtheoccasionalexistenceofvarioussmall-scaleweather

phenomena thatcouldbe dangeroustospaceflight,butoftencannot
beobservedorforecastwithexistingoperationalinstrumentationand
techniques.The previousabsenceofencounterswiththesefeatures
overKSC has been partlya matterof chance.In view ofrecent
temperatureeffectson O-ringsand triggeredlightningstrikes,our
run ofgood luckmay haveended.Good luckneednotbe a requisite
foracceptablespaceflightweather.Itistheopinionofthe panel
that,withtheintroductionofnew and upgradedobserving,analysis,
and forecastingtools,criticalweathervariablescanbe observedand
launchconditionssuccessfullypredicted.

HISTORICAL PERSPECTIVE

If we reflect on the magnitude of the problem faced by the pio-
neers of space exploration and the history of the space program, it is

I
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understandablethat,when facedwiththeneed todevelopunprece-
dentedmechanical,control,and communicationssystems,weather
was notconsidereda high-priorityproblem.Priortolate1987,no of-
ricewas designatedtocoordinateweather-relatedoperationalneeds,
research,and relatedissues.

As entryintospacehas become more common, thecharacter
ofthespaceprogramhas changedinthatthe emphasisisturning
to frequentlaunches,economicaloperations,reusablevehicles,and
manned missions.Thesetrendshaveincreasedthesensitivityofthe
spaceprogramtoweather.

Ifthespaceprogram progressesintothe 1990sasplanned,two
pointsarecertain:(1)spaceflightwillbe more frequent,withdelays
and cancellationsmore intolerableand costly,and,as a result(2)
encounterswithpotentiallyhazardousweatherenvironmentswillbe
more frequent.

With more frequent launches and an expected decrease in
the weather safety margin, It is imperative that NASA (1)
more rigorously define the effects of weather on the space
program and (2) take steps to upgrade Its weather observing
and forecasting program into a state-of-the-science system
tuned to serve in this new era in space fllght_a system that
can confidently and reliably Identify hasards as well as define
launch windows with a high degree of weather safety,

Historically,NASA hasdealtwithweather-relatedproblems(I)
by avoidingrecognizablehazardousweathersituations,(2)by re-
ducingthesensitivityof thespacevehiclesystemsto theweather
("systemhardening_),and (3)by examiningways to change the
weather.The panelcertainlyendorsesfurtherhardeningofspace-
craftsystems.The Apollo 12 and Atlas-Centauraccidentshave
clearlydemonstratedthevulnerabilityof spacecraftelectronicsto
triggeredlightning.A similarexperienceby NASA astronautsfly-
inga NASA T-38A on February24,1987,inwintertimestratiform
cloudsnearLos AlamitosArmy AviationFacility,California,shows
thattriggeredlightningispervasive.

Sincetheavoidanceand hardeningoptionshavepracticallimits
thatfallshortofensuringtotalweather"immunity_ and sincemod-
ificationoftheweatherdoesnotappeartobe practicalatthistime,
the paneladvocatesimprovingweatherobservingand forecasting
capabilities.Fortunately,boldinitiativesarenothingextraordinary
forthespaceprogram,and thereisalreadyevidencethatNASA and
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the cooperating agencies are taking steps to improve meteorological
support.

In the remainder of this chapter the panel will lay the foundation
for the future weather system by assessing the impact of numerous
weather elements on various aspects of space operations. This will
also provide the background for the subsequent chapters, which will
map a strategy for implementing an effective, state-of-the-science
weather observing and forecasting system.

WEATHER FACTORS IMPORTANT FOR
SPACE OPERATIONS

Weather elements influence all phases of space operations, from
mission planning through actual launch, booster rocket recovery (in
the case of the Space Shuttle), and landing. Weather information is
needed on time scales ranging from seasonal averages to seconds and
spatial scales ranging from global size to meters. Each phase of the
space program has weather sensitivities, some of which are described
below.

Mission Planning

Years in advance of launch, space vehicles are designed and
configured based upon climatological factors such as wind and tem-
perature. Climatological wind profile statistics, wb.ich indicate the
range of stresses that the vehicle is likely to encounter, are used in
determining payload limits, flight trajectories, fuel requirements, and
crew configuration. Other factors can influence the season or even
the time of day scheduled for launch.

Ground Operations

Ground activities are sensitive to a number of weather phe-
nomena. The temperature and wind profiles are critical factors in
determining the h-_ards from fueling accidents because they deter-
mine the concentrations and _rajectories of released gases. Activities
involving toxic _ubstances are curtailed when the resultant plume
would threater, workers or a n,._arby population. Activities are also
curtailed during the presence ,Jf nearby lightning or strong inversions
(layers of air in which temperature increases with height) that could
foct'Isoundenergyfromexplosionsandcausewindow breakage.
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Transportofequipmenttoand fromthelaunchpadsiscurtailed
duringprecipitation,lightning,strongwinds,and blowingsand or
dust.Fuelingordetanking,aswellasworkon scaffolds,ishaltedby
nearbylightningorwindsexceeding35 knots.Precautionsmust be

takenforstaticelectricitydischargesduringperiodsoflowhumidity.

Launch

Weatherhazardsencounteredduringlaunchcanjeopardizethe
safetyoftheentiremission:launchpad,spacecraft,payload,and
crew.Extendedperiodsoflow temperaturescan inhibittheoper-
ationofsome essentialcomponents.Forexample,temperaturesc_
January28,1986,which werefarcolderthanduringany previous
shuttlelaunch,have been determinedto have contributedto the
failureoftheO-ringsthatledtothe Challengeraccident."Stresses
(windloads)on structuralmembers ofthespacecraftthatdeviate
significantlyfromthoseanticipatedduringplanningstages(fromcli-
matologicaldata)couldcausethevehicletodeviatefromcourseor
breakapart.Aerodynamicloads,from wind shearscomparableto
thelargestpreviouslyencounteredduringlaunchand from vehicle
responsemaneuvers,may havecontributedtothefinalfailureofthe
O-ringseals."Precipitationdrop impactduringflightcan damage
heat-insulatingtileson theexterioroftheSpaceShuttlevehicle.

A directlightningstrikecan damage theexteriorof thespace
vehicleortheexternaltankoftheshuttle.A nearbyordirectstrike
cancausedamage tothedigitallycontrolledflightsystemsandother
instrumentation,and evencauseuncontrolledignitionoffuel.Both
naturaland triggeredlightningaresafetythreats.Common cumu-
lonimbuscloudsand theiranvilsand deepnonconvectivecloudscan
posea threatoftriggeredlightning.

In ordertoavoidhazardoussituations,weatherisperiodically
reviewedduringthecountdownpriortolaunch.Weatherconditions

must meet statedcriteriain orderforthe launchto proceed.If
necessary,a launchcan be delayedor postponedatany timeuntil
secondsbeforeliftoff.The specificlistsofweatherlaunchcriteriaand
flightruleshavebeen underrevisionduringthepastseveralyears,

"Reporto[the Preaiderd_o}Commu_onon the Space,ShuttleChallengerAccident,
June 6, 1986,pp. 70-72.

"*Ibid
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with extra safety margins added to address the lightning threat and
other hazards. The proposed launch commit criteria and flight rules
are included as Appendix D.

l?_e.ntry and Landlng

Landingoperationsinclude"normal"landingsoftheSpaceShut-
tleinvolvingreentryand end of mission(EOM), and "abnormal"
landings,includingmissionsabortedduringascent(returntolaunch
site(RTLS)),trar.s-Atlanticlandings(TAL),and abortoncearound
(AOA) maneuvers.Unlikethegroundand launchprocedures,which
can be delayedand resumedwhe_ conditionsimprove,thelanding
procedure,oncebegun,isirreversible.Thus thefinalweatherdeci-
sionand siteselectionmust be made atleast90 minutesbeforethe

vehicleisdue toland.Complicatingthesituationisthatlandingis
themost sensitivephaseofthespaceflightmission.

In thelandingphase,alloftheweatherfactorsdiscussedwith
respectto launchesareagainimportant.In addition,many previ-
ouslyunimportantweatherconditionsbecome criticalbecausethe
spacecraftmay be pilotedvisuallybelow8000feet.Low cloudsand
fog,hazeor othersourcesoflow visibilitydirectlyaffectthesuit-
ability of J,tes for landing. These constraints present a significant
susceptibilitytoevenweak weathersystems.Becausethespacecraft
haslimitedcontrolcapabilityduringthisstage,clear-airturbulence,
or strongheadwindsor cromwinds,can presentdifficulties.More
obvious weather threats such as thunderstorm-related wind shears

and lightning present an even greater risk to the spacecraft during
the landing phase.

Rescue and Recovery at Sea

Booster rockets from the Space Shuttle normally fall into the
sea and are recovered by ship. Observations or forecasts of adverse
weather in the recovery region, such as high winds, low visibility,
thunderstorms, or high sea conditions, would affect tk_ launch deci-
sions.

PostlandIng Procedures

The landing does not end the weather threat to the spacecraft
or space program personnel. In loading the orbiter onto the Shuttle
Carrier Aircraft (SCA) and readying the SCA for transport, the
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orbiter may be expos_l to weather elements for a number of days.
High winds, sandstorms, lightning, and precipitation can produce
damage. Wind sensitivity is maximized while the orbiter is installed
piggyback onto the SCA.

The SCA flight itself can be dangerous. Flights are limited to
daylight hours at low altitudes, maximizing potential interaction
with thunderstorms and turbulence.

Quantified Hazards from Weather Elements

As discussed previously, there are lauiich criteria and flight rules
for a number of weather variables. It was very difficult, and perhaps
beyond the scope of this panel's ta_.k, to determine how much data
had been collected on the response of the shuttle (or other) vehi-
cle in a range of possible values of some of these parameters (e.g.,
precipitation types and sizes). Many of the weather elements are
potentially disastrous to space flight, and the extent of the danger
should be quantified as exactly as possible.

Unfortunately, it appeared to the panel that there is only crude
quantitative data regarding the risk posed by some weather hazards,
such as the values of cloud electric fields that axe capable of pro-
ducing spacecraft-triggered lightning. One dangerous byproduct of
inadequate information on weather element-risk relationship_ m_y be
a tend-.'r._y for the launch director to iuue waivers of launch criteria
when conditions seem to be marginal; on average, two waivers have
been issued for each shuttle launch to date. It wot,!d be far better to
base decisions on the analysis of a complete dat_ ba_e.

New launch and landing weather flight rules have been de-
veloped that effectively prevent launch or landing ff there is any
thunderstorm-produced cloud nearby. The panel is concerned that
the implementation of overcautious flight rules will so constrain the
opportunities for launch that the launch director will ultimately have
no choice except to issue waivers. The development of quantified
weather element-risk relationships advocated above would provide
the best basis from which to define launch criteria and flight rules.
Only through use of these relationships can optimum flight rules be
attained, balancing the need to launch (i.e., the accel;table risk),
the need for safety, and the extent of risk posed by a given weather
situation.

.4, review should be conducted to determine whether or not
the detailed responses of the Space S'n'attle and other space
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vehicles to expected ranges of metearological parameters are
known and are aC_Lrate. The results of well-posed studies
should be quantified and published and used as the basis far
launch commit criteria.

If the review shows that previous studies of weather hasards
have been inadequate, then new data should be collected to
quantify the chances of vehicle damage and/or a catastrophe
as a function of the observed values of various meteorological
parameters and their time-space distr_utious.

In some cases existing data b&qes are not adequate to estab-
lish appropriate flight rules. An example of a phenomenon where
additional data are needed is lightning triggered within and near
the clouds produced by distant thunderstorms. In order to make

real-time launch decisions, data are needed to show the probability
of triggered lightning as a function of distance to the parent thun-
derstorm, in combination with surface and airborne electric field
measurements and other parameters that can be observed.

CLIMATOLOGY OF CRITICAL WEATHER ELEMENTS

Climatological data can provide important guidance in schedul-
ing activities to minimize weather hazards. For example, Figure 1,
a graph of the number of lightning strokes as a function of time of
day, reveals that threats from natural lightning could be minimized
by scheduling launches only between 0300 and 1500 UT (10:00 p.m.
and 10:00 a.rn. EST).

New climatological data bases are needed for weather elements
used in the newly revised flight rules and launch criteria. Most of the
data needed for an effective climatology of this type do not yet exist
and requireobtainingdatasetsfromnew sensors.Among thedata
neededarethetypesand sizesofprecipitationelementsinvarious
kindsofclouds,theelectricalfieldswithinand neardetachedanvils

apda varietyofothercloudtypes,theelectricfieldsthatarerequired
toproducetriggeredlightning,and themagnitudeofwindvariations
on a varietyoftimescales.The sensorsthatmay be usedtocollect
thesedatabase_,arediscussedinChapter3.

As the extent of new weather halards is quantlfled_ and as
new launch criteria and t_ight rules are established, climato-
logical databasesshouldbe generatedthatshow thetr sea-
sonaland diurnalfrequencies.It isclearthatdata bases
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FIGURE 1 Variationsin the number of summer lightningdischarges,_ a
functionof time ofday. The duhed plotrepresentsthe cumulativenumber of

lightningfluhesdetectedover the Eutern Test RLnge (ETR) usingthe field
millnetwork (I._u_chP_d LightningWarning System (LPLWS)) duringthe
summers of1976 to 1980.The solidplotrepresentsthe cumulativenumber of

lightningfl_hesdetectedoversouthernFloridausingthe LightningLocation
and ProtectionSystem (LLP) from June 15 to August 31, 1978. Data were
tabulatedin 10-minuteinterval=.(From Mater,L.M.,E.P. Krider,and M.W.
Maier. 1984. Average diurnalvariationof summer lightningoverthe Florida
Peninsula.Mort.WeathtrRev.11_:1134-1140.)

are needed that characterize the trlgKered l|ghtnlng hazard,

electrlcfieldswlth_ and near a Tariet7 of cloud types, pre-

cipitationtypes and sizes, and short-term wind variabllty,

One existing climatologicaldata base may need expansion. The

present use of winds in the loads program has some inherent limita-

tions. Wind variabilitystatisticsinvoked in determining the likeli-

hood of h_zaxdous loads on the spacecraft ("knockdown loads") are

based upon pairs ofjimsphere wind profilesobtained _bout 3.5 hours

and 1.7 houm apart. (The jimsphere isa roughened balloon designed
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FIGURE 2 Time-height section of wind spuds (knots) obtained from houri}"
wind profilerdata at Pennsylvania State University on January 19-20, 1987. The
stippllng indicates * ]00-knot change of wind speed in 2 hours. For comparison,
also indicated are the times of twice-daily National Weather Service rawinson=le
launches at sites scros_ the United States. The latter obMrvstions, taken abo'_t
400 km and 12 hours apart, c_n eul]y miss significant atmospheric features.
(Courtesy of G. Forbes, Pennsylvania State University.)

torespond rapidlytowind changes.)Pairsarepooledby season,and

sample sizesrange from 37 to 65.

The panelisconcernedthatthejimsphere-pairsample isbiased

toward fairweather days in general,and to warm days during the

winterseason,the typesofdays most typicallyused forlaunchesin

the past.Sharp,dangerousjetstreaks,relativelysinai!(500to 1000

km) wedges of high wind speeds with stronzverticalshears,such

as illustratedin Figure 2, are typicallyassociatedwith disturbed

weather and may not have been adequatelyrepresentedin a sample

biasedtoward warm, fairweatheroccasions.

An _cceleratedlaunchschedulewilltend to requirelauncheson

some less-than-perfectoccasions,and the presentjirnspherepairs

underestimatethe wind shear hazard on thosetypes of days. The
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winterseasonislikelyto bear the brunt ofthe heightenedschedule,

as thunderstorms,theirrapidlychangingweather,and the associated

forecastingdifficultiesmake itdifficultto increasethe pace during

the warm season.The jimspherepairdata baseshouldbe expanded

during the winterseasonto includealltypes ofdays that meet the

other weather criteriafor launch. Itisespeciallycriticalthat the

data base includecases of clearskiesimmediately followingcold

frontpassage,where strongturbulentjetstreaksare oftenfound.

The jimsphere-pairdatabase shouidbe expanded,especially

during the winter seasov, and should be supplemented by

wind profiler data.
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Organization of Weather Support Services

Weather-related activities in support of space operations are
conducted within a complex web of agency infrastructure. Several
government agencies have responsibilities for operational weather
observing and forecasting, among them the United States Air Force
Air Weather Service (USAF/AWS), the National Weather Service/
National Oceanic and Atmospheric Administration (NWS/NOAA),
and the United States Army Atmospheric Sciences Laboratory
(White Sands, New Mexico). Private contractors are also used to
take observations at Kennedy Space Center (KSC), and NASA per-
sonnel at KSC provide support services. The U.S. Naval Oceanog-
raphy Command has responsibility for operational forecasts of sea
conditions for recovery and rescue operations. Meteorological re-
search is done in a number of laboratories within the Air Force,
NOAA, and NASA, and by universityand privatecontractors.

The functionaland fiscalhierarchiesofmeteorologicalsupport
withintheseagenciesarecomplex.Even thoughalloftheagencies
arefundedby thesame federalgovernmentand areworkingtowarda
common goalofexcellenceinprovidingweatherservicesinsupportof
spa_.eflight,inpracticethisdoesnotensureawell-coordinatedeffort.
Many activitieshaveevolvedwithinindividualsubprogramsofthe
organizationalweb, but,in theabsenceofan overallplan,serious
gapsremain.The most fundamentalconclusionofthisreportisthat

2o
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meteorological research and operational support activities within the
U.S. space program are not well coordinated.

The panel is not alone in reaching this conclusion, as this view
was expressed to us at the operationM level within each of the weather
support agencies. These people know what needs to be done, but lack
the line responsibility or financial or manpower resources to do it.
There must be significantly better overMl organization of the various
weather-related activities in support of space flight.

NASA's Office of Space Flight (OSF) bears the responsibility
for the construction, launch, control, and recovery of NASA's space
vehicles. Within OSF there are separate programs for manned (Na-
tionM Space Transportation System, NSTS) and unmanned (ULV;
or expendable, ELV) space flight, having common as well as unique
weather sensitivities. In order to coordinate the weather-related

activities for both manned and unmanned space vehicles, strong or-
ganizationMcontrolmustcome froman officethathasresponsibility
forbothmanned and unmanned spaceflight.An advisorycommittee
describedinChapter5 may facilitatetheintragencycoordination.

The WeatherSupportOffice(WSO) was createdwithintheOf-
ficeofSpaceFlightlatein1987and hastheresponsibilityforcreating
a more organizedprogramofmeteorologicalsupport.Althoughthe
WSO isshown withinthe manned spac.flightchainofcommand
inFigure3,itisimportantthatallothersegmentsoftheOfficeof
SpaceFlightcoordinatetheirrequirementsforrr.,teorologicalsup-
portthroughtheWSO.

To facilitate the organisational procedure, everyon_ involved
in meteorological support for space flight nm_t recc_,.ltze that
the Weather Support Office has responsibility for directing,
coordinating, and supervising the operational and applied
research activities in support of both manned and unmanned
spaceRight.

The directorofWSO shouldseektomobUlsethewealthoftal-

entand facilitieswithinNASA_ USAI_/AWS, NOAA/NWS_
and other government agencies and universities to address
weather support problems.

The Weather Support Office must obtain a budget and exer-
cise line-item authority to support and direct applied research
efforts needed to solve operational weather problems.
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WEATHER OBSERVATIONS

The space vehicle launch and landing sites within the United
States are shown in Table 1. There are numerous additional landing
sites overseas for manned vehicles. Manned (Space Shuttle) _md un-
manned vehicles are launched into near-equatori*l orbits from KSC.
Unmanned vehicles are launched into polar orbits from Vandenberg
AFB. Smaller unmanned rockets are also released from Wallops Is-
led, Virginia, but the panel did not examine this program's weather
support, which is provided by s private contractor.

Launches may not proceed without acceptable conditions at the
launch site, at the scheduled landing si_e, and st other locations that

would serve as landing si_es in the event of abort once _round (AOA),
tr_ms-Atl_ntic abort ls_udings (TAL), or end of mission (EOM) deci-
sions.

|1
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TABLE 1 Launch and Landing Sites Within the United States

Launch Landing

Kennedy Space Center, Florida (KSC) X X
Vandenberg AFB, California X
Edwards AFB, California X
White Sands Space Harbor, New Mexico X
Wallops Island, Virginia X

Detachments of the USAF/AWS are responsible for meteorolog-
ical observations at the launch and landing sites, except for White

Sands, which is the responsibility of the U.S. Army Atmospheric
Sciences Laboratory. AWS also has the responsibility for weather
observations at most of the other worldwide landing sites for manned

vehicles. At KSC, the AWS uses a contractor, Pan American, to

take surface and upper-air weather observations and service the field
mill network and a number of other weather sensors deployed around

KSC. These are described in Chapter 3.

The weather observations required for the space program are
not routine. Many of the measurement systems are at the forefront

of atmospheric science today. Thus the observers and maintenance
personnel must be specifically qualified.

The total NASA observation and instrumentation program is

not as well organized and supervised as it should be. For example,
there is a lack of quality control: the one electric field mill site the

panel was shown at KSC could not work properly because the sensor
ws_ mounted improperly and was too close to an electrical outlet
and a rope fence. For another example, an aircraft is flown prior
to each shuttle launch with minimal instrumentation; yet this same
aircraft could be instrumented to make measurements of the electric

fields in various types of clouds. The secol,d example also illustrates
a more widespread problem: although there is a wealth of talent

and facilities within the agencies involved with the space program,
the resources have not been adequately mobilized toward addressing
operational weather problems at KSC.

The Weather Support Office should periodically (1) assess
whether or not weather observations and observers meet the

1989020570-033



24

needs of the space program, (2) conduct thorough inspec-
tions to determine if observing systemJ are properly config-
ured, calibrated, and maintained, (3) ascertain whether or
not available resources are being fully used to support space

flight, and (4) take actions to correct any problems identified.

WEATHER ANALYSIS AND FORECASTING

At KSC, weather analysis and forecasting for daffy ground oper-
ations, launches, and air-sea rescue efforts are the responsibilities of
the Air Weather Service, 4th Weather Wing, 2nd Weather Squadron,
Detachment 11, Patrick Air Force Base, and Cape Canaveral Forecast
Facility. An exception is that Marshall Space Flight Center (MSFC)
analyzes the prelaunch sounding data and furnishes them to JSC for
use in the computer programs that calculate loads (stress/torque) on
the launch vehicle.

Because of the large number of daily weather-sensitive activities
and because both civilian (20 percent) and military (80 percent)
vehicles are launched from KSC, the amount of work required is
considerable. AWS officers and enlisted personnel, most reassigned
at 2- to 3-year intervals, and two "permanent" civilians make up the
weather forecasting staff at the Cape Canaveral Forecast Facility,
which services KSC. Forecasts for unmanned launches are the re-

sponsibility of the AWS detachments at the launch site, either Cape
Canaveral Forecast Facility or Vandenberg Environmental Support
Center. Forecasts for occasions when the Space Shuttle is ferried
from its landing site back to KSC are also the responsibility of AWS.

Once a Space Shuttle is launched, control of the mission trans-
fers from KSC to JSC. Weather forecasting responsibility, even in
the event of RTLS (Return to Launch Site, or "mission abort") or
over-water ditching, rests with the NWS/NOAA Spaceflight Meteo-
rology Group at JSC, although they coordinate and collaborate with
their AWS counterparts at KSC. The NWS/NOAA team also has
forecasting responsibility tbr all worldwide landing sites.

A team of nine meteorologists makes up the staff of the weather
office of the Spaceflight Meteorology Group at JSC, of which three
are primarily responsible for managing the Meteorological Interac-
tive Data Display System (MIDDS), applications programming, and
technology transfer. "Vhesethree meteorologists constitute the Tech-
nique Development Unit at JSC, but when the panel visited JSC only
one had been hired. When the Space Shuttle program resumes more

I III II i
1989020570-034



25

frequentlaunches,and inordertoeffectivelyusenew techniquesand
technologyproposedlaterinthisreport,thesizeofthestaffwillneed
tobe increased.

The director of WSO should (1) ensure that forecast office
statrmg at all sites is adequate for the assigned tasks, es-
pecially as launch frequency Is increased, and (2) conduct
lntraagency and lnteragenc T briefings to ensure that the var-
ious agencies with weather forecast and support responsibili-
ties are properly coordinating with each other during manned
and unmanned space operations.

APPLIED RESEARCH

The AWS and NWS forecastofficesatKSC and JSC areoper-
ationalum_s,not chargedwithresearchmissions.Presentstaffing
doesnotallowthem toundertakeappliedresearchprograms,aside
fromlimitedforecaststudiesand softwaredevelopment.WithinAWS
thelatteractivitiesaredone by forecastersduringslackoperational
periods.Within NWS, severalstaffmembers are dedicatedto a

TechniquesDevelopmentUnit thatperformsthesetypesofactivi-
ties.Though theforecastofficescannotperformtheneededapplied
research,theAWS and NWS forecastersshouldplaya strongrole
in identifyingproblemsand requirementsforappliedresearchand
techniquedevelopmentdirectedtowardcarryingouttheirmission.

Largerappliedresearchtasksareperformedby other(nonfore-
caster)agencypersonnelorarecontractedtouniversitiesorprivate
agencies.WithinNASA theseeffortsaxefundedby theOfficeof
SpaceFlightatNASA headquarters,by thedirectorofKSC orJSC
orby projec_leadersatthesecenters,orby oneoftheotherNASA
centers(suchas MSFC). In thepast,MSFC has been responsible
forweathertechnologytransferand technologyutilizationprograms
forNASA spaceflight.There are othermajor meteorologicalre-
searchprogramswithinNASA thatareoutsidethejurisdictionof
the OSF, suchas Goddard Space FlightCenter,LangleyResearch
Center,Ames ResearchCenter,LewisResearchCenter,and theJet
PropulsionLaboratory.

WithintheAirForce,researchisconductedand contractedby
theAirForceGeophysicsLaboratory(AFGL) ortheAirForceOffice
ofScientificResearch(AFOSR).A number ofNOAA laboratoriesand
cooperativeinstitutesperformresearchon instrumentationsystems
and on diagnosticand prognostictechniques,some iofwhich deal
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specificallywithKSC undercontract,and othersofwhichcouldbe
ofusein a systemtailoredtowardsolvingKSC's problems.Mo6t
ofthisresearchisgeneratedwithintheindividualunitand isnot
centrallydirected.

On severaloccasionsthepanelencountereddifferentviewsre-
gardingtheperceivedversusactualrolesofresearchagencies.Strong
centralcoordinationisrequiredtoensurethatappliedresearchefforts
arecomplementaryratherthanredundant,aredirectedtowardsol_-
ingoperationalneeds,andarepursuedtothestagewheretheresults
canbe effectivelyappliedtowardsolvingoperationalproblems.

The Weather Support Office should be staffed with otmo-
spheric scientists who are capable of evaluating applied re-
search activities, stlnmlating new applied research efforts
needed to meet unaddressed needs of the space program,
and coordinating these efforts.
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Observing Systems

The weather sensitivities of the space program demand mea-
surements of parameters quite different from those made for use in
providing the public with weather forecasts. The types and sizes
of precipitation particles in clouds and the potential for triggered
lightning are just two examples. Because of the special requirements
of the space program, certain deficiencies exist in the observational
program at KSC and other sites that can be remedied by a combi-
nation of upgrading existing systems, acquiring and deploying new
equipment now available, and conducting applied research to develop
needed equipment not ye_ available anywhere in the world. These
activities range from adding displays and calibrating instruments,
which could be accomplished in a few days, to applied research that
could take a few years. Improvements should be planned and coor-
dinated by the Weather Support Office (WSO).

Most of the critical weather elements discussed in Chapter 1
cannot currently be observed with the high degree of accuracy re-
quired in an endeavor as weather-sensitive as the space program,
where small errors can produce catastrophic results. Although most
public-service forecasters would be pleased to be correct 90 percent
of the time in yes-no forecasts of precipitation, an accuracy that
low for any of the weather elements critical for space flight could be
devastating. The inescapable conclusion is that accuracies of about
99 percent or greater are needed when critical failures would result.
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Thisrequirementalmostcertainlydictatesthatdecisionsconcerning
weather-sensitiveoperations(I)willalwaysbemade aslateaspossi-
ble,(2)willbe basedlargelyupon observationsatdecisiont'.me,and
(3)shoulderrinfavorofpostponingtheweather-sensitiveactivityif
criticalweatherisevenaslightpossibility.Thus,asidefromplanning
effortsthatrequireforecastsfordaysorlonger,theformsofweather
informationmost importantforspaceoperationsarediagnosesofex-
istingconditionsand very-short-termweatherforecastsforperiods
ofseveralhoursorless.

As longaslaunchesareinfrequentand delaysaretolerable,there
islikelyto be littlepressureon thesy_'tem.However,as launches
become more frequent,weather-relateddelayswillbe lesstolerable,
and thereforeimprovedcapabilitiesfordetectionand forecastingof
adverseweatherareneeded.How unfailinglycanstate-of-the-science
instrumentsadequatelydetectcriticalweatherelements?How well
canstate-of-the-sciencemethodsbe usedtoforecastcriticalweather
elementsfor2-houTintervals?

Thischaptergivesan overviewof(I)some oftheexistingmea-
surementsystemsusedat KSC (and,to a limitedextent,atother
sites),(2)othersystemsavailablefordeployment,and (3)remaining
needsfordevelopmentofinstrumentationtoobserveafewimportant
meteorologicalparameters.

UPPER-AIR SOUNDINGS

High-resolution vertical profiles of wind speed and direction are
needed to assess wind loads on the launch vehicle during launch
and landing. The jimsphere balloon, tracked by radar, provides
the greatest vertical resolution in measuring winds aloft. Data are
normally obtained at 100-foot (30-m) intervals. Jimspheres providv
the data used in assessing the wind loads prior to launches at KSC
and Vandenberg.

Near the jet stream there can be large wind variations in less
than 2 hours that could make prelaunch balloon-based soundings
unrepresentativeoflaunchconditions.Balloon-basedwind profiles
requireabout an hour to measure windsto 55,000-foot(17 kin)
altitudes,soitisimpossibletoobtainsoundingsatlessthan l-hour
intervalsunlessmultipletrackingdevicesareavailableand several
balloonsareairborneatthesame time.

Dopplerwindprofilers,whichhavebeenunderdevelopmentfora
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decade, are in operation in a number of places worldwide. Although
their vertical resolution is somewhat poorer than that of the jim-
sphere system, wind profilers can provide data at intervals as short
as 30 seconds, if desired. There are plans to install a Doppler wind
profiler at KSC before the end of 1988.

The wind profilers should be installed at and surrounding KSC
in order to monitor important changes in the wind. Wind and wind

shear data, as well a_ spectrum width of the profiler winds (which is
related in part to turbulence within the beam), should be collected.

Once a suitable profiler data base Js attained, the method of as-
sessing launch wind load hazards to the shuttle should be examined.
It should be determined if a netwolk of wind profilers at and sur-
rounding KSC could be used to obtain very-short-term forecasts of
wind profiles at launch time through advection of wind field patterns
across the network. A numerical model might be helpful in making
these forecasts.

The type of wind data really needed during a launch is a profile
along the launch trajectory. Neither balloons, which drift with the
wind, nor profilers can provide this type of sounding. Aircraft are
better suited to provide this type of information, but the present
prelaunch aircraft are not instrumented to make accurate wind mea-

surements. The program of prelaunch reconnaissance flights using
T-38 and Shuttle Training Aircraft should be upgraded either by
adding instrumentation to these aircraft or by using other available
instrumented aircraft. Quantitative measurements should be made,
over and upwind of KSC, of cloud electric fields, the types and
sizes of precipitation, electric fields and Maxwell currents, winds,
wind shears, and turbulence. A computerized data collection s/stem
should be used to facilitate the real-time collection and archiving
of these data, and also to transmit the data to KSC forecasters for

timely use. MSFC should explore the poesibility of using these data
as part of the JSC loads assessment program.

Thermodynamic soundings (temperature and relative humidity)
are needed to obtain atmo6pheric density profiles during launches.
These are obtained by balloon-based instruments, particularly the
ground meteorological detector (GMD)-tracked radiosondes, and by
rocketsondes. These systems should be assessed against the state-
of-the-science technology, such as Loran-bascd balloon tracking sys-
tems. The latter have proven far superior to GMI_ systems for
obtaining accurate wind speed profiles during field research experi-
ments, especially during situations of strong winds aloft sad in terms
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of vertical resolution. Furthermore, the National Center for Atmo-
spheric Research (NCAR) Croas-chain Loran Atmospheric Sounding
System (CLASS) has been designed and demonstrated to operate
nearly automatically, and would potentially provide better data wj ch
less manpower and cost than the present GMD system.

Remote soundings of temperature and humidity, obtained via
satellite-based radiometric profiling, currently have vertical resolu-
tion that is too coarse for use in the space program. WSO shou!d
monitor the progress of research on these systems and be prepared
to put them into use in the space program, should their resolution
improve.

To obtain better information about spatial and temporal
veriatlous of the wind near KSC, NASA should establieh
a network of Doppler wind proflers and a program for en-
hanced aircraft observ_tious using available NASA and U.S.
Air Force aircraft.

BOUNDARY LAYER AND SURFACE WEATHER

Near-surfacewindsareimportantforlandings,launches,and
groundoperations,and canbe mea_mredaccuratelyand atveryfre-
quentintervals(1minuteorless)usi,gautomatedweatherstations.
A systemofthistype,calledWINDS (-WeatherInformationNetwork
DisplaySystem),isusedat both KSC and Vandenberg,with sen-
sorson towersfrom 54 to 500 feetat KSC and 12 to 300 feetat

Vandenberg.Winds fromthesenetworksareavailableat5-,15-,or
30-minuteintervals.Shorterintervalsmay be desiredinthecritical
minutesbeforelaunch,when passageofa gustfront(outflowfroma
distantthunderstorm)ortheseabreezefront(movinginfromsea)
couldcausedramaticchangesofwind directionand speed.

The existingautomatedsurfacemesonetwork(28stations)is
a criticalelementintheobservationalprogramat KSC. Itshould
be expandedto thewesttocoverthewesternportionsoftheKSC
activitydomain (and procurementof 20 additionalstationsisin

progress),and totheeasttoincludemeasurementsoverwater,via
buoysor platformsforroutineoperationsand/orviashipsduring
launchsituations.The instrumentationshouldbe expandedto in-
cludevisualrangetransmissometersatthelaunchpadsandtheShut-
tlelandingfieldairstrip.The individualsitesshouldbe adjusted,if
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necessary,toensurethattheobservationsaretakenatuniformal-
titudes,withproperexposureand shel.tering,and withuniformand
well-maintainedinstrumentation.

A Dopplersodar(sonicdetectionand ranging)can be usedto
monitorthe low-level(upto about I kin)wind profileat5-minute
intervalsexceptduringprecipitation.Thisinstrumenthasbetterver-
ticalresolutionthanthewind profiler,soDopplersodarswouldbe of
valueinaugmentingthetowerwindnetwork.Suchdatawouldprove
invaluablefordispersionforecastingand in providinginformation
regardingothersurfaceoperations.A DopplerAcousticSounding
System(DASS) iscurrentlyoperatedatVandenberg.

The horizontaldistributionoflow-levelwindsprovidesimportant
informationforweatherforecasting.Small-scalefrontsand wind
shiftlinescanescapedetectionifstationsina mesonetworkaxemore
thanseveralkilometersapart.ScanningDopplerweatherradarsand
Dopplerlidarscan supplythe typeof spatialcoverageneededto
locatesuchwind shiftlines.A NEXRAD Dopplerradarisexpected
tobe installedatMelbourne,Florida,about25 milessouthofKSC,
in1990.

Becausea singleDopplerradarcan detectmotiononlyalonga
radial,a networkofatleasttwo Dopplerradarsshouldbe deployed
atKSC inordertoresolvetotMhorizontalvelocities.Unfortunately,
theNEXRAD radarto be deployedat Melbournewithinthe next
severalyearswillnotscanina mannerconducivetomultipleDoppler
radarstudiesinconsortwithanotherradar.NASA shouldacquireat
leasttwo dedicatedDopplerradars,whichwould enablecalculation
ofdetailedpatternsofwindsincloudsand intheboundarylayer.To
make thewind calculationsinrealtimewould requirethedevelop-
ment ofnew dual-Dopplerdataprocessingand displaysoftware.In
additiontohorizontalmappingsofvelocity,cross-sectionsalongthe
spacevehicleflightpathcouldalsobe constructed.

To obtain enhanced information about low-level winds and

other weather elements, NASA should expavd the areal cov-
erage of the surface mesonetwork and include data platforms
over the ocean. At leut two dedicated Doppler radars should
be installed in locations that optimise coverage over KSC
to improve forecasts using higher resolution boundary layer
data and to better relate the w_nd fields and reflectlvlty
within clouds to the mlcrophyslcal and electrical develop-
ment. NASA should consider deploying Doppler sodars for
monitoring the boundary layer.
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PRECIPITATION

Showery precipitation often falls over areas of only a few square
kilometers, a_ld rain gauge networks are rarely dense enough to
resolve this detail. Conventional (non-Doppler, incoherent) weather
radar can be used to obtain high-resolution mappings of areas with
precipitation. Forecasters use the horizontal and vertical shapes
of the radar "echoes_ and the intensity of the echoes to identify
convective and stratiform precipitation. Satellite imagery can also
be used to help identify convective clouds. However, neither radar nor
satellites can unambiguously distingu':sh thunderstorms from other
types of convective precipitation.

State-of-the-science weather radars provide digital data that can
be processed by computerized software packages to derive additional
useful products such as vertically integrated liquid water contents,
cross sections of reflectivit_ at any desired angle, and animated im-
agery. The 30-year-old FPS-77 radar at Vandenberg is not digitized
and provides the forecaster only with snapshot views at fixed az-
imuth or elevation angle. A radar should be deployed at Edwards
AFB, and digital radars should be considered for both Vandenberg
and Edwards.

The thermal tiles on the Space Shuttle are eroded by precipita-
tion drops. However, there is a need for more detailed information
relating drop size and concentration to the extent of the tile damage.
Unfortunately, drop sizes cannot be measured using conventional
radar. Surface-based disdrometers are typically used to measure
raindrops reaching the ground, and an aircraft-mounted Knollenberg
probe can be used to sample sizes of precipitation aloft. These types
of instrumentation are not currently used in space operations, but
should be.

A possible tool of the future is the multiparameter radar, which
_ransmits at two wavelengths and with two polarities. Multiparam-
eter radars can distinguish between snowflakes, raindrops, and hail,
and between large drops and small drops. However, certain ambigui-
ties exist, such as melting snowflakes. Additional research should be
done to enable this tool to be utilized operationally.

To obtain data on cloud and precipitation types and si_es_air-
bo.,me drop-size measuring instrumentation should be flown
prior to Space Shuttle launches, and a nmltlpararneter radar
should be acquired.

| I
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LIGHTNING

During the summer at KSC there is an average of about six
lightning strikes to ground per square mile each month. Until the
last decade, it was extremely difficult to detect and locate lightning
strikes on a reAl-time basis. Cloud-to-ground lightning strikes can
now be successfully detected by using either magnetic direction-
finding(LightningLocationand Protection(LLP)),omnidirectional
broad-bandtime-of-arrival(TOA) antennae(LightningPositionand
TrackingSystem (LPAT_C)),or by carefulinterpretationofelectric
fieldmillnetworkdata.(Othermethodsalsoexist,suchaslightning-
detectionradarand lightninginterferometers.)Lightningstrikes
axetypicallylocatedwithpositionaccuraciesof2 km or betterby
triangulation.An LLP systemisinoperationatKSC; itshouldbe
improvedby periodicallycheckingthesitecorrectionfactorsand the
antennaalignments.

Two largerlightningdetectionnetworkscovertheKSC area:a
networkofLLP directionfindersoperatedby theStateUniversity
ofNew York atAlbany and theFloridaLPATS networkofbroad-
band TOA receivers.Displaysofthesedatashouldbe addedtothe
KSC weatheroffice.Data f"om theSUNY Albany systemshowed
themovement ofan areaofconsiderablecloud-to-groundlightning
activitytowardKSC from the westpriorto the Atlas-Centaur87
accident,as shown in Figure4. Had thesedatabeen availablein
theKSC weatheroffice,itislikelythatthelaunchxUouldhavebeen
postponed,avertingtheaccident.

At KSC, atpresent,in-cloudand cloud-to-cloudlightningdis-
chargesaxedifficultto detect.These occurrencescan be inferred
from dataprovidedby theLaunch Pad LightningWaxn;ng System
(LPLWS), a 30-stationnetworkoffieldmillsthatisdesignedtode-
tectelectrifiedclouds.Becausethe LPLWS istheonlynetworkof
itskindintheworld,fewmeteorologistshavebeenexposedtothese
dataforuscinreal-timeweatheranalysisand forecasting.Persons
who wouldtypicallyprovideforecastertrainingarenotusuallywell
versedinthistool,and thosefaxniliarwithfieldmillnetworkinter-

pretationareusuallymore adeptatusingitina researchratherthan
an operationalenvironment.

The LPLWS iscurrentlybeingupgraded.The sensorsshould
be improved,and thesitesshouldbe carefullyevaluatedtoidentify
anylocalobstructionsorsourcesofcontamination,and obstructions
shouldbe removed or sitesrelocated,ifnecessary.The network
shouldbe expandedtothewestand totheeast,includingover-water
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FIGURE 4 StateUniversityofNew York(SUNY) atAlbanydisplayofLLP-
detectedc}oud-to-groundlightningpriortotheAtl:-Centsur67launch.Inthe
3 hours prior to launch, lightning _ctivity progressed steadily a_ross Florida
toward KSC. (Courtesy of R. Orville, State University of New York a_.Albany.)

sites. The equipment should be carefully calibrated and certified for
operational use, and the observations included in the list of weather

criteria for launch (and landing}.
In-cloud and cloud-to-cloud lightning can also be detected by

using networks of (1) ttF or VHF time-of-arrival receivers or (2) HF

or VHF lightning intcrferometers. A system (LDAR) of the former
type was previously operated at KSC but abandoned. A new system

of this type should be built.

The National Aeronautics and Space Administration should
make Improvements to the existing LLP and LPLWS systems

and obtain displays of other lightning detection networks In
the area, in order to improve detection of lightning and elec-
tric fields. A new system should be built to detect lightning
in and between clouds aloft.

[[ Ill I
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CLOUD ELECTRIC FIELDS

Clouds. such as thunderstorm anvils, stratiform thunderstorm
anvils, stra_iform clouds, and shallow convective clouds, often do
notproducelightningbutdo containhighelectricfields.The threat
oftriggeredlightningfrom thesecloudsmay be themost difficult
weatherhazardtodetectand forecast.Surfaceelectricfieldsdo not

alwaysrevealelectricfieldsaloftorchargecentersintheupperpor-
tionsofclouds,becauseofthepresenceofintervening(orscreening)
chargedlayers.Airborneelectricfieldmillaystems,suchas those
formerlyusedon theNASA F106-Bresearchaircraft,shouldbe used
toaccuratelycharacterizetheelectricalenvironmentaloft.

Much ofthedatacollectionand researchon thesubjectoftrig-
geredlightninghas been sponsoredby KSC, so thatthe center's
triggeredlightningresearchisstate-of-the-sciencewithintheatmo-
sphericelectricitycommunity.Additionaleffortsareneededtoadd
companion meteorological data (such as radar data, s'drface mesonet-
work and tower data, satellite data, and sounding data) to the trig-
gered lightning data base for possible forecasting applications and to
provide training to operational forecasters concerning the use of field
mill network data. Airborne measurements using field mills repre-
sent an important contribution to better defining the potential for
induced lightning.

The new launch criteria, designed to avoid any possibility of
trigge, d Lightning, may have become overly conservative with re-
gard to cloud electric fields. To address this issue, one or more
instrumented aircraft should be flown on frequent occasions in order
to develop a climatological data base regarding electric fields and
Maxwell currents i_ _dead" or detached anvils and anvils from dis-
tant thunderstorms. Data should also be collected in other types of
cloud near the freezing level.

Triggered llghtatng studies should be cantlaued, with addi-
tional effortstocollectcompanionmeteorologicaldatasets.
Airborneelectricfieldmeasurementsshouldbe collectedto

enhance studies of the threat of triggered lightning.

OTHER WEATHER ELEMENTS

Dangerousicingconditionswillresultifa vehicleencounters
supercooled(i.e.,liquidatsubfreezingtemperatures)cloudand pre-
cipitationdrops.Owing to thepoorspatialcoverageofrawinsonde
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data and since conventional weather radar cannot distinguish be-
tween precipitation sizes or types, regions conducive to aircraft icing
are very difficult to detect. Pilot reports are the main source of infor-
mation. Multiparameter radar, combined with temperature profiles,
might prove useful for detecting and avoiding freezing rain. Cloud
radars (wavelength of approximately 3 mm), which detect cloud-
sized particles, may prove useful in supercooled cloud detection, if
used with sounding data.

Clear-air turbulence, which arises within layers of large vertical
wind shear, is very hard to detect. It is most commonly detected and
reported by pilots. Some information regarding shears and hence
the po_ibility of turbulence can be derived from the spectrum width
of Doppler radar data, both from scanning Doppler weather radar
and from Doppler radar wind profilers. Much work remains to be
done, however, in calibrating the spectrum width values against the
incidence of turbulence. Satellite imagery can also often be used to
alertforecasterstnareaswhereturbulenceislikely.

Trainedweatherobserverscan alsoprovidevaluabledatatothe
weatherforecaster.An observerhastheuniqueabilitytoassimilate
audibleand visualdataina manner thatisbetterthanmost instru-
ments.To obtainqualityinformation,theobserversmustbe trained
toidentifythespecificconditionsthatmay be conducivetoweather
hazardssuchastriggeredlightning.At KSC, theweatherofficehas
no windows,and forecasterscannotseeoutsidewithoutclimbingto
theroof.Itwould be desirabletomove theforecastingoperationsto
a room witha window or tomake a window intheroom currently
used,so thatobserverscouldmore easilymonitorrapidlychanging
atmosphericconditions.

Trained and reliable observers and adequate facilities are needed
at all sites overseas and in the United States. The panel does not feel
comfortable with past arrangements for obtaining weather observa-
tions at overseas landing sites.

The NationalAeronauticsand SpaceAdmlnist:ratlonshould
ascertainthatlaunchand landingelteeareprovidedwith
skilledobserversandnecessarymeasurementsystems.NASA
shouldrncmltortheachlevementsin observationtechnology
and deployusefulnew inetrumentatlonexpediently.
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Analysis and Forecasting Systems

The previouschapterh_spointedoutthattherearemany types
ofobservingplatformscurrentlyinuseatKSC and otherlaunchand
landingsites,and thatimprovementsand additionalplatformsare
required.In a real-timeoperationalsetting,however,new and im-
proveddatado notnecessarilytranslateintoimproveddiagnosesand
forecasts.Ifdatafrom eachsourcewere consideredindependently,
thecorre:tprognosismightbecome progressivelyblurred.This is
especiallytruebecauseofthecomplexityofthemesoscaleweather
systemsthataffectKSC, whichmay be ofsuchsmallscalethatindi-
vidualmeasurementsystemsareonlyabletogivea skeletalpicture
ofthephenomenon. In thissituation,thekey tosuccessfuldiagno-
sisand forecastingliesinthejointuseofdatafrommany different
-ources,eachprovidinga bitofinformationnottreatedby theothers,
toobtaina clearunderstandingoftheweathersituation.The skill
neededtoperformthismentalassimilationisnotgainedquicklyor
easily.Itrequiresintelligent,experienced,and dedicatedpersonnel;
training;practice;and thepropersystem(hardwareand software)
withwhichtoexaminethedata.Thesetopicswillbe treatedinthis
chapter.

37
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DATA ACQUISITION AND DISPLAY

In order to perform timely analyses and diagnoses, the AWS fore-
casters servicing KSC and the NWS forecasters at JSC make use of a
computerized interactive analysis and display system called MIDDS
(Meteorological Interactive Data Display System). This system is
capable ofdisplaying large-scale diagnostic and prognostic data, as
well as zooming into the observational networks on the local scale
surrounding KSC. This powerful system can meet the hardware and
software needs of the mesoscale forecaster if it is used optimally.

One strength of MIDDS lies in its graphical overlay capability,
which fosters the joint use of data in the manner discussed above.
This enables a clearer depiction of the structure of the weather
systems and an improved understanding of the interrelationships be-
tween the different scales of motion and different data fields, such as
between changes in the electric field and the movement and devel-
opment of radar echoes. Another invaluable feature is the looping
capability, which facilitates the use of prognoses based on extrapo-
lating the movement and evolution of the weather systems.

To be most effective, however, all types of data must be accessible
on the MIDDS system. At the time of the panel's visit to KSC,
electric field mill and other data were not incorporated into the
MIDDS data base and had to be examined on a stand-alone display.
Future plans call for all data sets to be available on MIDDS; these
plans need to be promptly executed. All sources of satellite data,
including NOAA and DMSP polar orbiting satellites, as well as all
channels (e.g., visible, all infrared and near infrared, and microwave
channels) should be received.

The Weather Support Office should expedite plans to incor-
porate all data sets on MIDDS and promote the Joh2t display
of disparate data sets.

Improvements in analysis and forecasting procedures can be at-
tained almost immediately through better use of existing data: (1) A
series of lectures and training sessions should be scheduled to bring
the staffs at KSC and JSC up to date regarding the latest tech-
niques and procedures in interpreting and using satellite imagery in
synoptic-scale diagnosis. Special emphasis should be placed on the
use of water vapor imagery. (2) A routine procedure should be estab-
lished requiring reanalysis of surface and selected upper-air charts at
more contour intervals and with less smoothing than those received
from the National Meteorological Center. (3) A MIDDS program
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shouldbe writtentogenerateverticaltime-sectionsofupper-airand
surfacedataand,ultimately,profilerdata.Thistoolcan helptode-
tectmoderate-scaleweathersystemsand therebyenhancer_nalyses
and prognoses.(4)Immediatebenefitscan be obtainedthrougha
programofinvitingvisitingscientistswithoperationalexperienceto
interactwithoperationalforecasters.

Becausethetypesofweathereventsthatcausedisastersarerare,
itwouldbe valuabletoleta computermaintaina continuouslookout
fortelltalesignalsofa potentiallydangerousphenomenon. Human
forecasterscannotwatchtheLLP display24 hoursperday,365days
per year,yeta 5-minutedelayindetectingthefirstlightningdis-
chargeon an otherwisequietday couldcostlives.An alertsystem
thatistriggeredwheneveracriticalweatherelementexceedsahazard
thresholdisneeded.Forexample,an alertcouldbe triggeredwhen
theLLP lightningdetectionsystemdetectsa cloud-to-grounddis-
chargeoccurringwithina certaindistanceofthelaunchpad orother
weather-sensitive area. Other alerts could be triggered by changes in
or large values of electric field, by excessive low-level wind shear, by
strong low-level moisture convergence, and so on.

Critical observatlans or parameters derived from analyses
ghould be monitm'ed by emnputer to allow continuous surveU-
lance between periods of human nmmitoring.

LOCAL OBJECTIVE _ ._SES

Ti_e abundant and diverse types of data may confuse weather
personnel unless steps are taken to aasimilate and consistently ana-
lyze data irom all sources and transform them into high-resolution
gridded fields of understandable variables.

Techniques to a_similate and analyze these data should be auto-
mated so that the forecaster =eed osl,y consider fields analyzed from
gridded data, such as the three-dimensio_al vector wind. Similarly,
observations of temperature and moisture from satellites can be com-
bined with surface and mesonet observations to provide structure at
very fine scales.

By using a gridded format, a number of specific space-flight-
oriented products can be generated, and nowcasting can be greatly
enhanced. The detailed analyses can also serve as first-guess fields in
initialization of mesoscale numerical models. With four-dimensional

data assimilation techniques, the model equations themselves could
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form the framework of the analysis algorithm, further improving the
process.

There is a need to develop local (KSC) analysis systems that
Incorporate all data source_ and provide lflgh-resolutlon grid-
ded fldds appropriate for forecaster and numerical model use.

INTERACTIVE I_ORECAST SYSTEMS

There is a need to develop aids to help forecasters avoid be-
ing overwhelmed and to help them systematically consider only the
data appropriate for use in making various forecast decisions during
differing weather situations. One such aid needed is classified as a
"decision tree," a stepwise procedure which enables the forecaster to
consider all pertinent data when being called on to forecast a given
condition or parameter. With the versatility of MIDDS, such decision
trees should be developed as dynamic tools that permit interactions
with the user. They should be developed to incorporate not only
observations and conceptual models, but also output from nested
mesoscale numerical prediction models, objective forecast studies,
and objective and subjective evaluations of forecasters.

The need to understand and forecast cloud electrical develop-
ment is particularly urgent. Since existing thunderstorms can be
monitored with the field mill, radar, mad lightning detection net-
works, the three problems that require attention are (1) the onset
of lightning in developing thunderstorms, (2) the continuation of
lightning in decaying thunderstorms or detached anvils, and (3) the
threat of triggered lightning in convective and uonconvective clouds.

Although these problems need longer-term applied research with
new measurement systems, some gains could be obtained through
subjective and statistical studies of available data sets. The exist-
ing yes/no data from triggered lightning studies at KSC, for exam-
ple, could be used together with parameters such as electric field,
cloud base height, height of the freezing level, cloud top infrared
temperature (or inferred height), distance from radar echo, surface
convergence/divergence values, and so on, to develop decision trees
for forecasting triggered lightning. Decision trees should also be de-
veloped for each of the other critical weather variables discussed in
Chapters 1 and 3.

Another approach to developing forecaster aids is through use of
expert systems or "artificial intelligence" (AI) techniques. In some
ways these approaches are similar to decision trees, but with heavier

II i
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emphasis on the computer as opposed to human interaction. This
technique also might be worth applying to available electrified and
triggered lightning data and various accompanying data sets.

The panel believes that the artificial intelligence research going
on at KSC is addressing forecasting problems in a manner that is al-
most as if it is starting _from scratch _ and that it is not likely to yield
state-of-the-science forecasting techniques. The panel suggests that
AI research be focused toward specific problems such as determining
how to optimally combine measurements of the types listed above to
yield accurate short-term forecasts of the threats from natural and
triggered lightning.

There is an urgent need for the development of interactive
;declsten trees" and computer-aided decision-malting meth-
ods to help the forecaster make most efficient ruseof data in
reaching decisions, particularly in forecasting thunderstorm
formation and natural and triggered lightning.

MESOSCALE I_ORECAST MODELS

Mesoscaie forecast models offer the potential for dramatic en-
hancements in future forecas_ _ccuracy. Mesoscale models have suc-
ce_fully simulated many important mesoscale circulations and storm
systems. New nested mesoscale models are becoming available that
are nonhydrostatic and contain embedded fine mesh grids that pro-
vide enhanced resol'tion where small-scale structures are evolving.
With the help of a local analysis system, _iscussed in the previous
section, high-resolution analyses could be used to initialize these fore-
cast models. Model studies have demonstrated that, in many cases,
the forcing influences that generate mesoscale weather systems orig-
inate in the larger-scale environment and are therefore predictable
from coarser resolution initial data.

Further applied research and development will be required to
realize the anticipated improvements in forecast accuracy and to
adapt these models to an operational environment. Numerous issues,
such as data assimilation, model initialization, and parameterized
physics can be refined to improve the accuracy of mesoacale forecast
models. With the installation of a wind profiler network, the KSC
environment would be ideally suited as a test bed for mesoacMe model
development and testing. NASA's weather-support should take an
active role in encouraging this research and work with the modeling
projects to develop products that address KSC forecasting needs.
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The National Aer_autlcs and Space Administration and
other participants in the space program should t_ke an active
role in encouraging development of numerical models dealing
with weather elm_ents crucial to the space program.

I
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Implementation of Applied Research,
Technology Transfer and Training, and

Experimental Forecasting

MAny suggestions And recommendations have been m_le for im-
proving existing instrumentation and deploying new equipment for
various types of applied research that will enhance weather support
for space flight. In addition, outside of the spsce program there will
continue to be new developments that could prove useful for meteo-
rologicsl support of space flight. These future weather research and
technique development progr_ans offer the opportunity to enhance
substantially our ability to observe, understand, and thereby predict
the weather processes that are important for KSC operations. Sev-
ersl factors are currently contributing to sn increMed emphMis on
mesosc_le weather systems that, if properly coordinated, could be of
great benefit to KSC forecasting. Research in mesoscale meteorology
is currently a very high national priority. This is renected in the
growth of the Nations] STORM Program" and confirmed by the re-
cent NSF-UCAR Long-Range Planning Committee Repnrt,'" which
recommended a Mesoscsle Meteorology Initiative ss one o, four m_or
community science initiatives. Mesoecsle meteorology has advanced

* T_ N4t, onal STORM Prograra, 5TOP_J CGntr_ Pl_, Prtliminar V Proi_m
Dce//m, M,,y 1984, NCAR, Boulder, Colorado.

**_ Atmo_ri¢ $cimcte: A Vision for IgSO-IQ_. Report of the NSF-
UCAR Long.,Rang_ Planning Commksion, July I, 1987, ;/. Duttou, Chairman,
48 pp. Available from UCAR, Boulder, Color_o.
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insophistication_othe degreethatthe fieldcan now _ontributesub-

stantiallyto improved observation_nd predictionof localweather

features.CentralFloridaexperiencesmany economicallyimportant

and scientificallyinterestingweather phenomena that are attract-

ing new researchinitiativesinthe area.The proposed FloridaArea
MesoscaleExperiment exemplifiesthe researchinterestinthisarea.

The prospects foi advances in weather forecasting at KSC are

enhanced by a unique confluence of interest, need, and opportunity.
Substantial resources are alre_ly being directed toward weather phe-
nnmena in the vicinity of KSC; the challenge is to focus and coor-
dinate these efforts to solve the most important weather forecasting

p.-oblerns.

APPLIED RESEARCH AND FORECAST _ACIL.'TY (ARFF)

As new advances in observing and understanding weather sys-

tems are achieve._, projects must be initiated to translate the ad-
vances into new and better forecast techniques that are then trans-
ferred quickly and effectively to operational use. Forecasters can

g_in additional skills through assimilating these t ;chniques into their
individual repertoires. However, it !s difficult to familiarize forecast-

ers with new te:hniques while they have ongoing operational duties.
Rotating forecasters through frequent training programs is one way

of providingtechnologytransfer.Another isby establishingan ex-

perimentalor simulatedforecastenvironmentwhere forecasterscan

practiceand gainworking exposure to experiment_,lactivitieson a

dailybasis.In talkingwith weather support personnel,the panel

perceiveda generalrecognitionofthe efficacyoftheseconcepts,but

heard widelydifferingviewson how they shouldbe achieved.The

pan.-Iisconvincedthatsignificantimprovement inweather support

willrequirenew approaches,increasedcooperation,and a larger
commitment ofresources.

Effortsto improve weather analysisand forecastingcapabilities

can be greatlyfacilitatedby a group thatischargedwith monitoring

theresearchadvancements ofthe scientificcommunity and applying

the resultsto improve weather supportforthe spaceprogram. The

need forsuch a group has been recognizedby severalagencies,and

severaloperationalunitswithin NOAA, includingthe Spaceflight

Meteorology Group at JSC, alreadyhave positionsdesignatedfor

thesefunctions.However, the thre_person NOAA effortat JSC is

I
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belowa criticallyeffectivestaffinglevel,isnotsufficientlybroadin
scope,and isnotlocatedatKSC whereitwould be mosteffective.

The panelbelievesthatthecreationofan AppliedResearchand
ForecastFacility(ARFF) at KSC would providean idealfocusfor
futureapplicationsresearchand thedevelopmentofnew forecasting
techniques.The ARFF shouldhaveresponsibilityforoperatingand
evaluatingprototypeobservingsystems,developingand evaluating
new forecasttoolsand techniques,and contributingto forecaster
training and forecast verification. For such a facility to be success-
ful, it must also have the active involvement of the research and
operational communities.

An Applied Resea2_h and Forecasting FacUlty (ARPI_) should
be established at KSC to promote the development and ap-
plication of new techniques to Improve forecasting for space
operations.

Interaction Between ARFF, Operatlonal Unlts, and
Applied Research Groups

The Applied Research and Forecasting Facility should be a
mission-orientedinteragencyfacilitythat ismanaged by NASA
throughthenewlycreatedWeatherSupportOffice(WSO). Itsdirec-
torshouldbe an atmosphericscientistwho has experiencein both
operationaland researchmeteorology.The staffwould ideallyin-
cludeAirForce,NASA, and NOAA personnel,withtermand visitor
appointmentsfromtbroughouttheatmosphericsciencesto provide
a furtherinfusionof both researchand operationaltalents.This
facilitycouldbe createdlargelyfromexistingresourcesby stream-
liningredundantactivitiesand reorientingand reassemblingthese
resources.

The successof the ARFF would depend criticallyon itsde-
velopingcloseworkingtieswith theoperationalforecastunitsand
establishingan attitudeofteam effortand mutualsupport.To pro-
mote theserelationships,itisvitaltohaveARFF co-locatedwiththe

Cape CanaveralForecastFacilityservicingKSC and torotateopera-
tionalstaffbetweenthem regularly.Jointweatherdiscussionsshould
be conductedon a dailybe,sis,as_ vehicletostimulateinteraction.

Clearly,theremust be onlyone sourceofoperationalforecasts
atKSC, and thisresponsibilityshouldremainwiththeAWS forecast

team.However,by operatingincloseproximity,theoperationaland
experimentalunitscandevelopa cooperativerelationship,.vherethe
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FIGURE 5 Schematic diagram of the Applied Research and Forec_ting Facil-
ity (ARFF), its components, and its interactions with other units and agencies.

ARFF scientists and forecasters know the forecast requirements, and

the on-line forecasters are receptive to new approaches. Although
cu-located with the Cape Canaveral Forecast Facility, the ARFF

would serve not only those AWS forecasters, but also the AWS
forecasters from other detachments and the NOAA forecasters from

JSC. Operational forecasters and applied researchers should spend

time at ARFF, rotating into the ARFF at regular intervals.
Figure 5 is a schematic diagram of the components of the ARFF

and the routes of interaction between ARFF and other groups.
As shown in the diagram, ARFF can be divided functionally into
three sections: an Observing Systems and Technique Development

(OSTD) Program, a Cooperative Applied Meteorology Program

(CAMP), and a Forecaster Education and Training Program. A
Weather Support Advisory Committee should assist the WSO in
reviewing plans for, and progress of, the ARFF. Each of these com-

ponents is discussed in a separate section below.

The Applied Research and Forecasting FacUlty should pro-
mote interaction between applied researchers and operational
forecasters. To effectively reach forecasters, ARFF should be
established adjacent to the opexatlonal forecast office at the

Cape Canaveral Porecast Facility servicing KSC, and fore-
casters from KSC and other units should be assigned tours of
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duty within ARFF. To provide researcher interaction, gov-
ernment and university researchers should also be encouraged
to spend time at ARFF.

Applied Research for Weather Support

Many applied research projects have been recommended in this

report. Some projects require new equipment that is ready for in-
stallation into an operational environment, but they will still require
evaluation of the data on a real-time basis to identify and optimize

its utility in the local environment. For example, after a NEXRAD
radar is installed at Melbourne Florida, it is likely that the "opera-

tional" hail-detection algorithm t_,esigned for the Midwest) will need
to be modified empirically to account for the reduced frequency of

hail reax:hing the ground in Florida, where the melting level is nor-
mally higher. This type of project is best suited for real-time, in situ

investigation. The OSTD in ARFF will conduct these evaluations
and be the conduit for improved weather support.

Most research projects will require substantial development ef-
forts before products will be ready for testing i- the operational

environment Some of these projects can be done outside of KSC
by government and university researchers or by private contractors.
Regardless of where the research is to be performed, two items are

essential: a prioritized schedule of applied research to be performed
and a budget with which to sponsor it. The WSO, with the advice

of the Weather Support Advisory Committee, should provide the
schedule; WSO should provide the budget.

The present level of funding at KSC to support all the necessary
research initiatives is inadequate. However, even with additional

funding, the potential for enhancing research advancements cannot

be realized without a restructuring of research funding channels at
KSC. The current funding support is fractionated among a number
of groups, with little overall coordination, and without a clear focus

on the most important problems. Although KSC personnel are dedi-

cated and advances have been made, there appears to be no internal
core of expertise qualified to promote or critically evaluate most of
the research initiatives.

The panel advocates a well-funded, applied weather research

program, operating within ARFF, that heavily emphasizes observing
systems and development of forecasting techniques and that is coor-

dinated by the WSO. The ARFF should contain a strong internal
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coreofscientificexpertise,capableofassessingresearchproposals
and results.Researchgrantsshouldbe made throughthefacility
insupportofprioritiesand directionsspecifiedina comprehensive
long-rangeresearchplan.Outsidepeerreviewofresearchproposals
shouldbe partoftheevaulationprocess.

Appliedresearch shouldbe consolidatedwithinthe ARFI_
at KSC. ARFF should monitor advances in a]] areas of at-

mospherlc science to ident_y new technology that should be
deployed In support of the space program, and it should
commission studies of this type through a research grants
program.

OBSERVING SYSTEMS AND TECHNIQUE
DEVELOPMENT (OSTD)

A centralfunctionoftheARFF would be toevaluatenew ob-

servingsystemsand analysistechniques,and to developand test
new proceduresforoperationalforecasting.Thesedutiesarebroad
inscopeand wouldencompassmany oftheactivitiesconductedboth
inNWS ExperimentalForecastCentersand theNOAA Programfor
RegionalObservingand ForecastingServices(PROFS). The ARFF
wouldalsohaveresponsibilityformonitoringthedevelopmentofdata
a_similationsystemsand mesoscalemodelsand forpromotingtheir
applicationinforecastingmesoscaleweathersystemsinthevicinty
ofKSC.

The facilityshouldcompilegoodclimatologicaland weatherdata
basesinthevicinityofKSC foruseinevaluatingnew forecasttech-
niquesand to aidin assessingthe impactof changesin weather-
relatedopecatingcriteria.The climatologicaldatarequiredinclude
variablesotherthanthosenormallyencountered(maximum andmin-
imum temperatures,and soon),suchasthecriticalweatherelements
includedinlaunchand landingweatherrules.

Inaddition,theARFF shouldhaveresponsibilityformonitoring
operationalforecastsand assessingthe accuracyofforecastsofpa-
rametersidentifiedwithinthelaunchand landingweathercriteria.
Thisactivityisrequiredsinceaccurateand meaningfulstratification
ofverificationstatisticsisan importantpartoftechniqueassessment
thatcan helpeliminateforecasterbiasesand promoteforecasterim-
provement.

The Applied Research and Forecasting Facility should be

II
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assigned responsibility for testing and evaluating prototype
observing systems, developing improved forecast techniques,
verifying forecasts, and compiling climatological data.

FORECASTER EDUCATION AND TRAINING

The education and training of operational forecasters is particu-
larly important, especially in view of the special requirements placed
on forecasts for launch and landing operations. Another factor is

that forecasters rotate through the AWS, and new forecasters must
continually be trained. The Air Force has recently initiated several

organizational changes to increase the experience level and improve
the continuity of forecasters. This unit has developed a professional-

ism and a strong commitment to quality that provides an ideal base
on which to build.

The Air Force weather office conducts ongoing forecast train-
ing activities that should be continued. In addition, the ARFF

should have responsibility for augmenting this training, particu-
larly in the understan_ling of weather situations specific to KSC
and in the use of specialized forecast techniques. Training can take
place through several media; video tapes, simulated forecasts for

launch/landing/recovery operations, lectures, and map discussions
are all possible methods. Real-time experience is also recognized as

one of the most valuable training mechanisms. Rotating operational
forecasters through the ARFF would serve to accelerate the learn-

ing process in an environment where daily forecast situations can be

evaluated with ARFF staff without the pressure of on..line respon-
sibility. In addition, as new tools and techniques become available,
there should be a formal transfer of knowledge, with adequate ac-
companying documentation.

Part of the ARFF function should be to establish education

and training procedures for operational forecasting.

COOPERATIVE APPLIED METEOROLOGY

PROGRAM (CAMP)

Advancements in weather research that support space opera-
tions can benefit greatly from the organization of field programs and
stimulation of relevant research in the university community. Gov-

ernment agencies ha_e found that cooperative programs with the

university community are an effective mechanism for administering
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programs where flexibility is important in maintaining an "edge-of-
the-art capability." The panel believes that a Cooperative Applied

Meteorology Program (CAMP) with formal university involvement
would provide an ideal augmentation of the ARFF. CAMP would co-
ordinate field programs and other research beneficial to operational

weather problems, administer a research grants program, and pro-
mote strong scientific interactions with the permanent ARFF staff.
Establishing this strong university involvement could also serve to

attract funding from other agencies and other offices in NASA that
support atmospheric research.

Periodically, it is necessary to bring together a concentration of
special equipment, facilities, and talent to achieve breakthroughs in

the understanding of specific weather phenomena. These field pro-
grams will be particularly important in advancing our knowledge of
electrical and microphysical processes in convective and nonconvec-

tive clouds in the KSC environment, and in determining the pre-
dictability of convection from the data provided by new observing
systems.

Making state-of-the-art observing systems available to the re-

search community will enhance interest that is already strongly in

evidence. The proposed Florida Area Mesoscale Experiment (FAME)
plans a major field program in central Florida in 1990. The ob-

serving systems and research objectives outlined in this report, if

implemented, should be highly compatible with the interests of any
group interested in researching Florida weather. The facility should
become the prototype suggested in the letter in Appendix A.

Equipment upgrades planned by the National Weather Service

are likely to yield better information on weather systems affecting
KSC. A NWS NEXRAD radar is planned for installation at Mel-
bourne, Florida; the capabilities and limitations of this radar in

contributing to an advanced observing network must be assessed.

The NWS also plans to deploy a network of wind profilers over the
central United States. With research wind profilers already work-

ing in Pennsylvania (Pennsylvania State University) and soon to be
installed in Florida (NASA) and Massachusetts (AFGL), there will
be a strong desire by the atmospheric science community to deploy
wind profilers over the remainder of the East to form a continuous
network from the Rockies to the Atlantic. Several universities are

already preparing a joint proposal for a Southeast Profiler Network.

These and other initiatives should be scrutinized and, if appro-
priate, coordinated by CAMP as part of a concerted effort to improve
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the understanding and prediction of important weather features in
central Florida.

A Cooperative Applied Meteorology Program (CAMP)
should be established within the ARFF to promote the par-

ticipation of university and mission-agency scientists in field
programs advancing weather research and forecasting in the
vicinity of KSC or at other launch and recovery sites.

The advanced observing systems, comprehensive ,data sets, and

new techniques developed will provide an attractive facility for re-
search scientists, operational meteorologists, and graduate students

to visit, where they can interact with ongoing activities. These visi-
tors would provide a continuous influx of new ideas and approa_:hes

and would become aware of important weather phenomena in the
KSC area that might stimulate filrther research on these topics in
the scientific community. The University Corporation for Atmo-

spheric Research (UCAR) might be the ideal organization to admin-

ister this program, because it already has experience in the types
of activities recommended for CAMP. UCAB has strong university

connections, has a Naval Environmental Prediction and Research

Facility (NEPRF)/National Meteorological Center (NMC) Visiting

Scientist Program (VSP), and is in an excellent position to monitor
closely related programs going on in NCAR.

A strong visiting scientist program should be established

within CAMP to attract research and operational talents
from throughout the nation that contribute to the goals of
the ARFF, within the guidelines of WSD.

WEATHER SUPPORT ADVISORY COMMITTEE

To ensure that the director of the WSO and the director of the
ARFF receive unbiased views and the best technical advice available

as to opportunities and directions, a Weather Support Advisory
Committee should be established by WSO. The committee should

review plans and give advice on future directions. The advisory
committee should be charged with ensuring that NASA has and
maintains the best and most cost-effective weather support that can

be provided. As part of its duties, the advisory committee should
monitor the operations of the ARFF and its research grants program.

As has been noted throughout this report, serious organizational
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and coordination problems exist in the current weather support sys-
tem. One mechanism for ensuring coordination among independent
agencies would be participation of high-level personnel from the var-
ious agencies in the Weather Support Advisory Committee. Thus it
is recommended that the committee consist of members from NASA,
Air Force, NOAA, and academia. The director of the WSO should

be an ex-ofl_cio member and should call and host the meetings.

The Weather Supp_t Oii]ceshouldform a Weather Sup-
pvrtAdvisoryCommitteetoperiodicallyassessfortheWSO
the oz_anlsatlonal and technlca] issues that affect weather
support for NASA's space operations.
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Letter from NASA to the Academy

Requesting Establishment of Panel
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NASA
_bona I_ronauhc_ and

SPdceA(Jrn_ntslra_*on

Wash_nglonD C

2os4c t,3; I 7 I.

"_ _ * "' MO

Dr. Frank Press

president
National Academy of Sciences

2101 Constitution Avenue, NW

Washington, DC 20416

Dear Dr. Press:

NASA requests the assistance of the National Academy of Sciences in our

endeavor to improve the National Space Transportation System (NSTS) Weather

Forecasting System. We require your atmospheric science expertise to identify
how NASA can instrument the Kennedy Space Center (KSC) as a prototype weather
nowcasting facility.

On November 12, 1986, my staff discussed this request with Dr. John Perry of

the National Research Council. Dr. Perry suggested we proceed with a formal
request for the Academy's services.

Our objective is to encourage the research community to sponsor atmospD_ric

activities utilizing KSC as a test ground for the application of state-of-the-

science meteorological nowoastlng techniques and technology.

Resumption of routine Shuttle landings at KSC is in part dependent upon

improving our current weather support system to provide a high level of

confidence in a 90-minute prelanding forecast. The dynamic atmospheric

conditions manifested at KSC, combined with the Space Shuttle sensitivity to a

range of environmental parameters Ithunderstorma, lightning, turbulence), make
this a very challenging requirement.

The Office of Space Flight is in the process of developing a 5-Year NSTS
Weather Forecasting Improvement Plan, consistent with the recommendations of

the Preslde_tial Commission on the Space Shuttle Challenger Accident.

Development of KSC as a prototype nowcastlng facility is a cornerstone of that
plan.

We would llke you to define the improvements necessary to create such a

prototype system and provide NASA with an implementation plan.

We look forward tc working with the Academy to develop a state-ot-the-sclenee

w_ather Forecastl_ capability for the Space Shuttle. Please contact

Karen Ponlatowaki (FTS 453-2520) of my staff for any clarification.

Sincerely,

_ator

for Space Flight
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Appendix B
List of Attendees and Participants

L. Aldrich, NASA/Hdqrs R. Holle, NOAA/ERL
V. Aquino, AWS/Hdqrs W. Jafferis, NASA/KSC
J. Arnold, NASA/MSFC G. Krier, NASA/Hdqrs
L. Austin, NASA/JSC R. Lavoie, NOAA/NWS
R. Babcock, AWS/Vandent_erg C. Lennon, NASA/KSC
J. Bates, NASA/JSC R. Lewis, AWS/JSC
A. Beller, NASA/KSC H. Loden, NASA/JSC
R. Ben_ti, NASA/KSC J. Maxlura, AWS/PAFB
K. Bobko, NASA/JSC J. Mahon, NASA/Hdqrs
T. Boles, AWS/JSC L. M_ier, CSG/KSC
W. Boyd,ESMC J.McBrearty,NASA/KSC
N. Buss,AWS/KSC P.McCalman, NASA/KSC
G. Chapmav, AWS/Hdqrs R. McClatchey,AFGL
G. Coen,NASA/JSC M. McCulley,NASA/JSC
R. Crippen,NASA/KSC R. McPherson,NOAA/NMC
J.Crowley,AWS/JSC J.Meyer,NASA/KSC
J. Ernst, NASA/Hdqrs C. Morrill, NOAA/JSC
G. Fichtl, NASA/Hdqrs T. Myers, AWS/Edwazds
J. Friday, NOAA/NWS W. Newman, NASA/KSC
K. Glover, AFGL S. Nichols, NASA/Hdqrs
M. Henderson, NASA/JSC J. Nicholson, NASA/KSC
H. Herring, Pan Am/ESMC P. No6trand, AWS/JSC
K. Hill, NASA/MSFC L. Penn, NASA/JSC
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A. Peterson,NASA/Hdqrs R. Thorson,NASA/JSC
K. Poniatowski,NASA/Hdqrs C. Tracy,AWS/Andrews AFB
D. Puddy,NASA/Hdqrs R. Truly,NASA/Hdqrs
G. Rigdon,NOAA/JSC M. Uman, U. ofFlorida
T.Robertson,AWS/JSC R. Wesenberg,NASA/KSC
D. RotzollNOAA/JSC M. Wheeler,AWS/CCAFS

R. Sieck,NASA/KSC V. Whitehe_l,NASA/JSC
J.Smedley,NASA/KSC T. Wilfong,AWS/CCAFS
O. Smith,MSFC/CSC G. Wilson,NASA/MSFC
J.Stahman,ESMC R. Wojtasinski,NASA/KSC
T. Strange,AWS/KSC J.Womack, NASA/KSC
E.Tarkington,NASA/JSC J.Young,NASA/JSC
J.Theon,NASA/Hdqrs
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Appendix C
Recommendations from the Report of the

Space Shuttle Weather Forecasting
Advisory Panel to the NASA Associate

Administrator for Space Flight,
October 1986

1. The National Aeronautics and Space Administration should
establish a Weather Support Office at the top level of Shuttle oper-
ations to plan, organize, focus, and direct the activities related to
Space Shuttle weather support. The head of this office should be
a senior atmospheric scientist or a senior technical manager v:ith a
strong operations background, who is knowledgeable about opera-
tional weather forecasting and research and development and who
commands respect in the meteorological and NASA communities.
Under the optimum organizational structure, the head of this office
would have line authority for all Shuttle weather support person-
nel and programs. However, both the present and planned Shuttle
launching ranges ar_ operated by the Air Force to meet both Shuttle
and c.dditional requ. e:nents, and the Shuttle itself is operated by
NASA. The panel recognizes that the optimum arrangement may be
impossible to implement in practice and recommends that -_zponsi-
bility and authority for programs and personnel be consolidated in
the Shuttle Weath,.t Support Office to the extent possible.

2. There must be a small, highly qualified_ well-trained, and
dedicated team of forecasters who provide weather support for Shut-
tle operations. These forecasters should be wilhng to be an integral
part of the Shuttle team and remain so for extended peri, ds (5 to l0
year_.) Steps should be taken to ensure their continuity and devotion
to the task (by grade and/or salary adjustments or other :ncentives).
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3. To ensurethatthisteam has the verylatestresearchresults

and toolsavailableand istrainedto use thesetoolseffectively,the

head ofthe Weather Support Officeshouldexpand TechniquesTran-

sitionUnits at each operationalsite.These unitsshould consistof

one or two highlycompetent appliedmeteorologistsand one or more

computer specialiststo actas an interfacebetween the researchand

developmei_tcommunity and the Shuttleforecastteam.

4. There should be a standing aJvisorypanel of experts to

assistthe Weather Support Officein chartingitscourse,settingits

priorities,and aidingincontactswith the ShuttleProgram Officeto

securecontinuedsupport and visibilitywithinNASA forthe Space
Shuttleweather effort.

5. The Meteorological InteractiveData Display System

(MIDDS) can depictweather situationson a globalbasis. It is

thus a key ingredientinforecastingand incommunicationsofpoten-

tialhazards to decisionmakers. The system needs to be developed

at Johnson Space Center (JSC),and eventuallyEdwards Air Force

Base (EAFB) and Vandenberg Air Force Base (VAFB). At each site
having weather support responsibilities, MIDDS must be maintained
and periodically upgraded to ensure that it represents the state of

the art in rapid data access, analysis, and display capabilities.
6. The Doppler radar requirement to _id in the detection and

observation of weather developments should rely on the NEXRAD
facility, which will be installed and operated by the National Weather

Service near KSC. Research on the processing and application of
Doppler radar data should precede the completion of that installation

to ensure that the data can be utilized promptly.
7. The models that are used for Space Shuttle wind-loading

calculations need to be reexamined in view of the availability of
ground-based remote wind profilers and their planned installation at
KSC. Because the panel was unable to obtain access to the relevant

computer algorithms, it is not possible to comment here concerning
the adequate accuracy and resolution of _hese profilers for wind load
assessments. A thorough study of methods and models for short-

range wind forecasting should be undertaken with these and other

technological advances under consideration, in view of the rapid wind
profile changes under way preceding the Challenger launch. Rapid
wind profile changes are undoubtedly common under many other
weather situations.

8. The meso-letwork at KSC needs quality-control review and
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probable augmentation for short-range wind mad convective activity
forecasts.

9 At KSC, airborne instrumentation is required to quantify
the precipitation sizes that are observed over the launch site prior to
launch to determine whether the precipitation may pose a threat to
the orbiter thermal protection system.

10. A thorough study should be made of the available subsynop-
tic and mes_cale models to provide guidance to the Shuttle forecast
team. Specific models should be selected and developed in parallel
to ongoing operations. The use of such models as forecasting aids
may have near-term payoff.

11. Research on artificial intelligence (AI) at KSC should be con-
tinued at a modestly supported research level until it can be shown to
have real promise for the Shuttle forecast problem. Before investing
significant resources in AI, it would be advisable to wait until some
other group or agency hms shown that this tool has potential for a
similar type of forecast environment.
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Proposed Weather Factors Governing
Launch Commit Criteria and Flight Rules
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ShuttleLaunchCommitCriteriaand Background

JSC-16007

Sec. 1.4

WeatherGuidelines/Rules

LCC RULE: AMBIENTTEMPERATURERESTRICTIONS

A. PRIORTO EXTERNALTANK CRYOGENICLOADING.

PROPELLANTLOADINGOF THE EXTERNALTANK (ET)SHALLNOT BE
INITIATEDIF THE 24 HOURAVERAGETEMPERATUREFOR THE PRECEEDING24
HOURSHAS BEENBELOW4] DEGREESFAHRENHEIT.

B. FROMSTARTOF ET CRYOGENICLOADINGTO LAUNCH.

THE COUNTDOWNSHALLNOT BE CONTINUEDNOR THE SHUTTLELAUNCHEDIF
THE AMBIENTTEMPERATUREDURINGTHIS TIME PERIODEXCEEDSANY OF THE
FOLLOWINGCRITERIAFOR MORE THAN 30 MINUTES.

(I) MAXIMUMTEMPERATUREOF 99 DEGREESFAHRENHEIT

(2) MINIMUMTEMPERATUREOF 37 DEGREESFAHRENHEITFOR WIND
CONDITIONSAT OR ABOVE5 KNOTS.

(3) MINIMUMTEMPERATUREOF 47 DEGRECSFAHRENHEITFOR STEADYSTATE
WIND CONDITIONSBELOW5 KNOTS.

LCC RULE: PRECIPITATIONCONSTRAINT

THE SHUTTLEVEHICLEWILLNOT BE LAUNCHEDIF:

A. PRECIPITATIONEXISTSINTHE FLIGHTPATH

B. ICE ACCUMULATESIN ZERO-ICEOR RESTRICTEDTHICKNESSAREASON THE
ET.

Rationale:ThermalTile Protection

LCC RULE: SURFACEWIJD LIMITSFOR LIFT-OFF(MEASUREDAT 60' LEVEL)

THE SHUTTLEVEHICLEWILLNOT BE LAUNCHEDIF:

WINDSARE GREATERTHAN:

A. 22 KNOTS- STEADYSTATE

PRELMNARY
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B. 32 KNOTS- PEAK

Rationale:DesignRequirementof JSC 07700Vol X

LCC RULE: NATURALAND TRIGGEREDLIGHTNINGCONSTRAINTS

THE LAUNCHWEATHEROFFICERMUSTHAVE CLEARAND CONVINCINGEVIDENCETHAT
THE FOLLOWINGCONSTRAINTSARE NOT VIOLATED.

DO NOT LAUNCHIF:

A. ANY TYPE OF LIGHTNINGISDETECTEDWITHINI0NM OF THE LAUNCHSITE
OR PLANNEDFLIGHTPATHWITHIN30 MINUTESPRIORTO LAUNCHUNLESS
THE METEOROLOGICALCONDITZONTHATPRODUCEDTHE LIGHTNINGHAS MOVED
MORE THAN i0 NM AWAY FROMTHE LAUNCHSITE OR PLANNEDFLIGHTPATH.

PLANNEDFLIGHTPATH: THE TRAJECTORYOF THE FLIGHTVEHICLEFROM
THE LAUNCHPAD THROUGHITS FLIGHTPROFILEUNTIL ITREACHESTHE
ALTITUDEOF IO0,O00FEET. THE FLIGHTPATHMAY VARY PLUS OR MINUS
0.5 NAUTICALMILESHORIZONTALLYUP TO AN ALTITUDEOF 25,000FEET.

DO NOT LAUNCHIF:

B. THE PLANNEDFLIGHTPATHWILL CARRYTHE VEHICLE

(i) THROUGHCUMULUSCLOUDS _ITHTOPS HIGHERTH_N THE +5 C LEVEL;
OR

(2) THROUGHOR WITHIN5 NM OF CUMULUSCLOUDSWITHTOPS HIGHER
THAN THE -10 LEVEL;OR

(3) THROUGHOR WITHINIONM OF CUMULUSCLOUDSWITHTOPS HIGHER
THAN THE -20C LEVEL;OR

(4) THROUGHOR WITHINIONM OF THE NEARESTEDGEOF ANY
CUMULONIMBUSOR THUNDERSTORMCLOUDINCLUDINGITSASSOCIATED
ANVIL

CUMULONIMBUSCLOUD: ANY CONVECTIVECLOUDWHICHEXCEEDSTHE -20DEGREE
CELSIUSTEMPERATURELEVEL

ANVIL: STRATIFORMOR FIBROUSCLOUDPRODUCEDBY THE UPPERLEVELOUTFLOW
FROM THE THUNDERSTORMSOR CONVECTIVECLOUDS. ANVILDEBRISDOES
NOT MEET THE DEFINITIONIF IT IS OPTICALLYTRANSPARENT

DO NOT LAUNCHIF:

C. FOR RANGESEQUIPPEDWITH A SURFACEELECTRICFIELDMILL NETWORK,AT
ANY TIME DURINGTHE i5 MINUTESPRIORTO LAUNCHTIMETHE ONE MINUTE
AVERAGEABSOLUTEELECTRICFIELD INTENSITYAT THE GROUNDEXCEEDS]
KILOVOLTPER METER(1KV/M) WITHIN5 NM OF THE LAUNCHSITEUNLES3:

(A) THEREARE NO CLOUDSWITHIN10 NM OF THE LAUNCHSITE: AND,

PRELIMINARY
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(B) SMOKEAND/ORGROUNDFOG IS CLEARLYCAUSINGABNORMALREADINGS

DO NOT LAUNCHIF:

D. THE PLANNEDFLIGHTPATH ISTHROUGHA VERTICALLYCONTINUOUSLAYER
OF CLOUDSWITHAN OVERALLDEPTHOF 4,500FEETOR GREATERWHEREANY
PART OF THE CLOUDSARE LOCATEDBETWEENTHE ZERO (0) DEGREEAND THE
MINUS20 (-20)GEGREECELSIUSTEMPERATURELEVELS.

E. THE PLANNEDFLIGHTPATH IS THROUGHANY CLOUDTYPESTHAT EXTENDTO
ALTITUDESAT OR ABOVETHE ZERO DEGREECELSIUSLEVELAND THATARE
ASSOCIATEDWITH DISTURBEDWEATHERWITHIN5 NM OF THE FLIGHTPATH

DISTURBEDWEATHER: ANY METEOROLOGICALPHENOMENONTHAT IS
PRODUCINGMODERATEOR GREATERPRECIPITATION

F. DO NOT LAUNCHTHROUGHTHUNDERSTORMDEBRISCLOUDS,OR WITHIN5 NM
OF THUNDERSTORMDEBRISCLOUDSNOT MONITOREDBY A FIELDMILL
NETWORKOR PRODUCINGRADARRETURNSGREATERTHANOR EQUALTO ]0
DBZ.

DEBRISCLOUD: IS ANY CLOUD LAYEROTHERTHANA THIN FIBROUSLAYER
THAT HAS BECOMEDETACHEDFROMTHE PARENT
CUMULONIMBUSWITHIN3 HOURSBEFORELAUNCH.

Rationale:Basedon the knowncloudtypesand conditionswhichproduce
naturaland/ortriggeredlightning

LCC RULE: GOODSENSE RULE

EVENWHEN CONSTRAINTSARE NOT VIOLATED,IFANY OTHERHAZARDOUS
CONDITIONSEXIST,THE LAUNCHWEATHEROFFICERWILL REPORTTHE THREATTO
THE LAUNCHDIRECTOR. THE LAUNCHDIRECTORMAY HOLD AT ANY TIME BASED
ON THE INSTABILITYOF THE WEATHER.

LCC RULE: SRB RECOVERYAREA

DO NOT LAUNCHIF:

A. SEA STATEEXCEEDSSEA STATECODE5

B. VISIBILITYLESS THAN 1.5 NM

M_NDATORYRECOVERYFOR ASSESSMENTOF SOLIDROCKETREDESIGN

LCC RULE: RANGESAFETYWEATHERRESTRICTIONS

A. BLASTFOCUS (BASEDON SIMULATIONUSINGWEATHERBALLOONAND WIND
DATA)

(I) IFMORE THAN I FATALITYPER 100,000- HOLDOR SCRUB

PRELiMiNARY
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(2) VALUESBETWEENI PER IO0,O00AND I PER 1,000,000REQUIRE
EVALUATIONBY ESMC COMMANDER

B. CEILINGAND VISIBILITY{REQUIREDTO AID RADARACQUISITION)

MUST HAVE CLEARLINEOF SIGHTUP TO 4500 FEET

C. LIGHTNING(PROTECTIONOF RANGEDESTRUCTSYSTEM)SAMEAS NATURAL
AND TRIGGEREDLIGHTNINGCONSTRAINTS.
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JSC-12820

STSOPERATIONALFLIGHTRULES

ALL FLIGHTS

FINAL

MAY 9, 1988

PREFACE

THIS PUBLICATIONOF THE STS OPERATIONALFLIGHTRULES,ALL FLIGHTS
(JSC-12820)DATEDMAY 9, 1988. REPLACESIN ITS ENTIRETYALL PREVIOUS
VERSIONS.THISDOCUMENTAND THE FLIGHTSPECIFICSTS OPERATIONALFLIGHT
RULESANNEX(JSC-18308)ARE INTENDEDTO BE USED INCONJUNCTIONWITHONE
ANOTHER.

STS OPERATIONALFLIGHTRULESIS A CONTROLLEDDOCUMENTFOR WHICHCHANGESARE
SUBJECTTO PROCEDURESDELINEATEDINAPPENDIXB AND ISNOT TO BE REPRODUCED
WITHOUTTHE EXPRESSWRITTENAPPROVALOF THE CHIEF,FLIGHTDIRECTOROFFICE,
DAB,LYNDONB. JOHNSONSPACECENTER.

ORGANIZATIONSWITH COMMENTS,QUESTIONSOR SUGGESTIONSCONCERNINGTHESE
FLIGHTRULESSHOULDDIRECTTHEMTO DA8/C.L. GRUBY,FLIGHTDIRECTOROFFICE,
BUILDING29, ROOM I018,NASAJSC, HOUSTON,TEXAS77058,TELEPHONE
(713)483-5558(FTS525-5558).

APPROVEDBY:

--TOIblIIY,W_LHOL /CE_UGE_ F- KI_''AN_L _ lJDIREgTOR, MISSIONOPERATIONS

/ /f ; , .-)./fi
_RICHARDX. KOHRS "ROeE_TL. CRUtf'EN '/ /
OEPUTYDIRECTOR,NATIONAL DEPUTYDIRECTOR,NATIONAL
SPACETRANSPORTATIONSYSTEM SPACETRANSPORTATIONSYSTEM
PROGRAM OPERATIONS
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NASA - JOHNSONSPACECENTER

FLIGHT RULES
R RULE

4-64 LANDING SITE WEATHER CRITERIA

THE WEATHER ELEMENT LIMITS CONTAINED IN THIS RULE MUST BE SATISFIED
WITH OBSERVATIONS AT THE GO/NO-GO DECISION TIME AND WITH THE FORE-
CAST FOR LANDING TIME (EXCEPT PRELAUNCH EVALUATION OF THE FLIGHT
DAY i PLS WILL ONLY BE BASED ON THE FORECAST). THE APPROACHES TO
BOTH THE PRIME AND BACKUP RUNWAYS AT A GIVEN SITE MUST SATISFY THE
CEILING, VISIBILITY, PRECIPITATION, AND THUNDERSTORM PROXIMITY
LIMITS LISTED BELOW. WHENEVER AVAILABLE, A WEATHER RECONNAISSANCE
FLIGHT WILL PROVIDE A LANDING SITE GO/NO-GO RECOMMENDATION.

A. CEILING AND VISIBILITY LIMITS:
VISIBILITY

CEILING (NOT LESS THAN)
(KFT) (SM}

i. EOM, NEXT PLS
RTLS, TAL, AND AOA 10 (B ®) 7 (5 C I

2. ELS (ORBIT AND ENTRY PHASES) 10 (B ®)

3. TAL, ACLS, OR ELS (ASCENT
PHASE) FOR MAIN ENGINE LIMITS
MANAGEMENT (REF. RULE 5-TBD)
OR ABORT GAP CLOSURE (REF.
RULE 4-26H.3, PERFORMANCE
BOUNDARIES)

a. TACAN AND MLS OPERATING N/A N/A

b. TACAN OPERATING, NO MLS I0 5

NOTES:

® APPLIES TO RUNWAY WITH MLS (REF. RULE 3-41, NAVAIDSPRELAUNCH REQUIREMENTS) AND REQUIRES WEATHER
RECONNAISSANCE FLIGHT EVALUATION.

® FOR TAL AND AOA WITH MLS: VISIBILITY MAY BE AS LOW
AS 5 SM ONLY IF THE FOLLOWING LANDING AIDS ARE
VISIBLE AND PREDICTED TO REMAIN VISIBLE ON FINAL

APPROACH (WEATHER RECONNAISSANCE FLIGHT EVALUATION):

Ca) PAPI's FROM BK FT TO PREFLARE
(b) BALL BARS FROM PREFLARE TO FINAL APPROACH

[HIS RULE IS CONTINUED ON THE NEXT PAGE

ALL FINAL 5/9/88 TRAJECTORY, GUIDANCE 4.53

NISSION REV OkTE SECTION PAGE NO.

i
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NASA- JOHNSONSPACECENTER

FLIGHTRULES
R RULE

4-64 LANDING SITE WEATHER CRITERIA - Continued

(Cont)
A. CEILING AND VISIBILITY LIMITS - Continued

The meteorological hmLts in this rule must be met with obser_,atlor :, at the GO NO-GO

dec4s_on time and with the forecast for the landing time This rest "_ctton Is necessary to

ensure weather t,lolatlons observed at the decision time 'ground c • wtalher reconnals.
sanceJ would not permit a GO cleciston, even if the forecast sat_sf ,s the limits Conuersely,
if the forecast _ndicates a utolat:on of the hmits at landing tzme. _NO-GO decision will be

made. _ndependent of the current obsert,at_ons S_nce the _light day I PLS landing time is
.5to I0 hours al?er launch, the lbrecast wdl only be used for the :relaunch fi_ght day I PLS
evaluation

The ceding, c_s_bd_t), prectpltatlon, and thunderstorm prox_ r it) hm_ts must be met for
approaches to h,_th the pmrne and backup runways, at a gtt'er itte This requirement

exists becausa current forecasting capabthty cannot accurab ly ensure that a NO.GO
condition to one of the backup runwa)s would not result tn o VO-GO cond4tton at the

prime runu_ by la_:dmg, t_me Surface w_nd hinds are no_ "equated to be met at the
backup runways, since the backup runway would onl) be r_qu4red tram energy problem
_wcurred dlctott rq¢u ruau a) rpdesl_,tlatlon

A cedzng is d,,fined as cloud couer >0 5 There are two c_lhng hmlts, one for runways
u lth M I.S and a higher hm_t for runwa)s without MLS ','_ng MLS. the crew can main.

tam the approach path accurately to a lower altitude befor_ beglnmn_l transition to t,tsual
cues PAPI's. ball.bar, and runway mar_nngs. Eight th_usand feet Is the lowest layer or

ceding permitted slag MI, S b'or runways without Ml,'_. the c_'dmg minimum _s
I OK ft Ceding hmtts are estahhshed to ensure that the craw has xaf_cient lime after

breaktng ,_ut of the cloud deck to acqu_r_ the runway an d !andmg a_ds durt n_t pre.final
and landing

THIS RULE ISCONTINUEDON THE NEXT PAGE

ALL FINAL 5/9/88 TRAJECTORY,GUIDANCE 4-54

NISSION REV BATE SECTION PAGE NO.
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NASA o ,JOHNSON SPACE CEWIER

FLIGHTRULES
R RULE

4-64 LANDING SITE WEATHER CRITERIA - Contlnued

(Cont)
A. CEILING AND VISIBILITY LIMITS - Concluded

The surface utsibthty limits were estabhshed to correspond to the cetltng ',imits Slant
ra age v4stbiltty down the Orbiter glide slope ts not measurable from the ground, nor is

slant range a standard meteorologwal measurement Therefore, the surface visibility and
ceiltng llmas were established to prouide acceptable slant range utsibility Restrietioas to
surface u_stbihty include smoke, haze. fog, dust, and clouds The 7 SM surface visibility

limit generally applies for all landing conditions, with a couple exceptions. The 7 SM is
the horizontal distance component from the run way threshold that correlates to the IOK ft

altitude point on the outer glide slope For AOA (EDW or NOR) or TAL aborts, the
visibility requirements can be as low as 5 SM tl tar runway has an MLS and the weather

reconnaissance aircraft verifies that the PAPI's are visible on the approach from 8K ft to
preflare and the ball.bar ts visible from preflare to final flare This lower limit is allowed
at the TAL or lakebed AOA sites where persistent low altitude/surface dust or smoke may

greatly restrict the surface visibility, howe,,er, may not pose any significant limitation to
crew "slant range" visibility during final approach to landing. This lower surface

uisibtlt O can not be applied to sites which are prone to visibility limitations due to fog or
other transient conditwns The 5 SM limit ts the horizontal distattce from the runway

threshold that corresponds to the SK ft altitude potnt on the outer glids slope Fioe SM
visibility is also the minimum limit used ts assessing the usability of an ELS

Specific weather criteria are provided for dec_swns revolving abort gap closure or main
engine limits management durra 8 ascent phase As documented in Rule 5.TB____Dand Its

rationale, in some case follow_ng SSME failure, main eng4rw bruits well be enabled at the
earhest single.engine capabthty to reach a prt me TAL or augmented contingency landing

site fACLS ) (utihzmg TAL guidance, event though the site itself may not be a program.
recognized TAL site) For this purpose, weather criteria may be related, depending on

landing aids status at the selected site. as a tradeoff to preclude ezposure to SSME limits.
tnh4bited operation for any longer than necessary In thls situation, tt ts constdered less
risky to attempt a landing with potentially zeroJ zero condttwns than to continue limits.

inhibited SSME operation, prowded that both TACAN and MLS are available at the
targeted site If the stte has only an operatwnal TACAN, however, the same ceiling and

vislbiltty restrtctwns are apphed as for orblt_entry phase ELS GO/NO-GO decitions In

the case of abort gap closure, st ts hkewtse considered reasonable to attempt landing at a
site with relatively poor weather conditions as long as the attempt carries a reasonable
probability of success, when the ulternatwe ts an assured ditching situation

THIS RULE IS CONTINUED ON THE NEXT PAGE
im

ALL FINAL 5/9/88 TRAJECTORY, GUIDANCE 4-55

J

WISSION REV DATE SECTION PkEE NO.

1989020570-079



71

NASA- JOHNSONSPACECENTER

FLIGHT RULES
R RULE

4-64 LANDINGSITE WEATHERCRITERIA- Contfnued
(Cant)

B. SURFACEWIND LIMITS(DAYLIGHTLANDINGS):

I. THE SURFACEWIND LIMITSFOR ALL LANDINGSITESARE AS
FOLLOWS:

a. HEADWIND: _<?S KTS

b. TAILWIND: _ 10 KTS

c. CROSSWIND:_ 12 KTS

NOTE: SURFACEWIND LIMITSREPRESENTPEAKWINDS,INCLUDING
MAXIMUMGUSTS(GUSTSMUST BE s 8 KTS ABOVETHE
AVERAGEWIND)

2. WITHONE APU FAILED,SURFACELIMITSCHANGFAS FOLLOWS:

a. CROSSWINDs 10 KTS

b. NOT GREATERTHA{ILIGHTTURBULENCE

This table representsthe not tobeexceededlimits for windcomponentsforthe various
landingsites. Headwlndlimits areestablished toensure the Orbiterwill land onthe run-
way wtth touchdowrtmargtn Tatlwlndsaffect the landtng bycausing longertouchdown
ranges,lossof fallout margin,and higher braheenergy. Croseu_indlimits are based upon
Orbiter lateralcontroland ,re weor The llmit of l2 KT peakcrosswlnd correspondsto
thepoint wherethe vehiclehandling quahties becomesmarginal basedonAmes VMS
simulations Gusts ofgreater than8 KT abouethe auera&e/steadysta:e wtndcorresponde
toth; I -sigma_stattstwal windprofiledata. Shuttle Meteo-_loglcalGroup(SMG). Entry
FTP42! deviationfor the maximumpeak wind alia:ruble(RSS ofH:ep_al¢
hea&crosswtndlimits_ The Itmetof _ 9 _'Tu_.,chosen la order.oprotectfor the
statistwal gustfactor (1.sigma_that reachesthe headwtnd/crosswind limits

Forone APU failed, the Orbiter Isonefailure awayfrom havinga lossof twoAPU's at
touchdown Wlth twoAPU'sdown. the uehtclewdl hauereducedfltght controlauthority
(lossof hydraulic power,,braking,and nosewheel steering In order toprotectfrom this
possibleloss olcontrolauthority,crnsswtndpeak limits areset at IOKT {Drollrunways
Greaterthan hght :urbulenceIs notallowedforthe samecontrolloss reasons

THISRULE ISCONTINUEDON THE NEXTPAGE

ALL FINAL 5/9/88 TRAJECTORY,GUIDANCE 4-56

MISSION REV {)ATE SECTION PAGENO.
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NASA - JOHNSON SPACE CENTER

FLIGHT RULES
R RULE

4-64 LANDING SITE WEATHER CRITERIA - Continued

(Cont)

t_.,sts, peak u'inds above the steady state or average wind, are hmtted to 8 KT Thts 8 KT

_'mtt was dertued from stattstwal da_a whtch mdwated that when a 17 KT average wend
ts present, the peak wend .ust ts -25 KT (our headwtnd lLmtt )

Loss of one APU _nvokes o crossw4r.d and tu, bulence restrwt_on This part of the rule _s
meant to prote¢ _ the Orbiter for the loss of a second APU With two APU's down, the

Orbiter wdl _aL,e "educed fl_ght control, braking and nose wheel steerzng capability
(Referto paragraph E for an ezplo • zhon of the turbulence crtterta)

C. SUN ANGLE LIMIT: SUN ON FINAL NOT WITHIN 10 DEG IN AZIMUTH AND
0 TO 20 DEG LLEVATION.

These critcrto was esl,bhshed to preclude the Sun from obstruct( ng the crew's utston on
final approach

D. PRECIPITATION AND THUMDERSTORM _,',ITERIA:

I. PRECIPITATION IS NOT ACCEPTABLE AT THE Si¢RFACE OR ALOFT IN

THE PROXIMITY OF THE ORBITER (SEE BELOW). PRECIPITATION
INDICATIONS INCLUDE ANY OF THE FOLLOWING:

a. VISIBLE RAIN OR VIRGA

b. PRECIPITATION ECHO ON WEATHER RADAR

c. CLOUD TYPES: CUMULONIMBUS OR CUMHLUS CONGESTUS

(TOWERING CUMULUS).

The Orbtter ts aDSto encounter prectpttat,on on any approach due to decreased L'tslotltty
and potentLal damage to the TPS Enclronmental destgn requtrements for 'he Orbiter

were based on the at.otdonce of tn.lTtght penetratwn of th,.nd, rstorms (ref _ppend4a
10-10. uol X, Space Shuttle Lerel II Program Spectf_cat4onl Undesirable aspects of
thunderstorms tnclude rainiTPS, structure J. had ITPS. structure, control), severe wend

shear tstructure J. turbulence !control, performance, structure), and natural or treggered
hghtmng (structure, elecirontc software systems)

A 10 n mt horizontal prostmity d4_,cznce was ch_set,, based on research ezpertence to
mmtmtze rtsk due to hghtnmg, turbulence, and wend shear and to tnclude forecast
uncer_lntits

THIS RULE iS CONTINUED GN THE NEXT PAGE

ALL FINAL 5/9/88 TRAJECTORY. GUIDANCE 4-5/

MISSION REV DATE SECTION PAGE NO.

II m
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NASA - ,.IOI.INSONSPACECENTER

FLIGHT RULES
R RULE

4-64 I LANDItlGSITE WEATHER CRITERIA - Continued

i

(Cant I 2. THUNCERSTORM PROXIMITY (PRE-DEORBIT AND PRELAUNCiiAOA): A
St,- WILL BE NO-GO FOR LANDING IF THE THUNDERSTORM

(INCLUDING ANVIL), LISHTNING, OR PRECIPITATION IS WITHIN 30
NM OF THE LANDING SITE. VERTICAL CLEARANCE FROM THESE

PHENOMENA, AT THE 30 NM RANGE, MUST BE GREATER THAN 2 NM.

ADE'TIONALLY, DETACHED.OPAQUE THUNDERSTORM ANVILS MUST NOT
BE WITHIN 20 NM OF THE LANDING SITE, NOR WITHIN 10 NM OF
THE APPROACH PATH OUT TO A RANGE OF 30 NM.

For predeorb_t or prelauach AOA dect.q('ns '90to 125 rrmforecast . the 30 n mi
clearcnce adprox_mates the range to the runway for stratght-tn approaches at an altitude
of 60K ft Addltwnally, for these weather phenomena.just out_tde the edge of the 30 n m_
radius, at least 2 n ml t'erttcal clearance must he maintaLned m order to m'otd trtdgered
htlhtmng

3. THUNDERSTORM PROXIMITY (PRELAUNCv _,TLSAND TAL): A SITi
WILL BE NO-GO FOR LANDING IF A ]HUdDERSTORM (INCLUDING
ANVIL), LIGHTNING, OR PRECIPITATION IS WITHIN 20 NM OF THE
LANDING SITE OR WITHIN 10 NM OF IHE APPROACH PATH TO A
RANGE OF 30 NM. VERTICAL CLEARANCE FROM THESE PHENCMENA
MUST BE GREATER THAN 2 NM ALC_G THE BORDER OF THE
HORIZONTAL PROXIMITY BOUNDARY.

For the pr_'_aunch I"TI.._ rind TAL dee_smns .20 to40 minute forecast:, the 21)n m_
radlur elearam'¢ (q_pro:tmates a I0 n mt dtstance from e_eh of the approach t1.4("._
Th_s acceptabg,' pr,_rltt?, dtstanee :: ,edueed [rt m 30 n mt radtus due to the shorter
forecast per_t,d Th ; approach path between 20 n m, and 30n mt must also be protected
b_ lO._ m,

ADDITIONALLY. DETACHED OPAQUE THUNDERSTORM ANVILS MUST NOT
DE WITHIN I0 NM OF THF LANDING SITE, NOR WITHIN 5 NM OF THE
_.PPROACHPATH OUT TO A RANGE OF 30 NM.

()etach,'d "_:l .' thuna 'rM,_rmunt'll,_ ho.t.eth ; p,,',',wl(d [or trl_,ger,,d hghtmnR u_z(I
pr,,c_p,tatmn .h_ ul'd th,' anvtl h,' p,,n,t._H,,d I h,'r,'6w," the pro.t_mtt_ _[th ;()rhlt,,r frnm
tht ph,'n,,m,'na I_ prtrntlrl/', (t*h,_mln,'d h" /,, ,'.'(t_lunc,.rtamtv b'r_rthe 60 Io-#rl mlnul:
fi,r,,ca_t, (a:0 n ,r_j m,l._ln u tll b; ,nolctllt,_,'J ;..rn th, tlppr,mch l_Hh anti al; _qth*,
h,,_l,tlnl, r.:t_,,tlr,,,tllc,,tT,'_ ,,',20n m_ ",z.I,.,.t_,_t_rruntt'tl._ [",_rth,,20.t,_.dl) mlnt, h"

for,,!',t,td,_:,t.,'. ,'t_/:tt,',,r,_¢trK_n¢,p,,,t,_t,,/_lr,_,'_dtb,'(Ipl_r,,tlch[ntth. h+'n_,'.the

lt) _ mt -mtt.;. "_.rn th,"_unu ,_ l,tU. _ n ml ci,'cr_n( ,"tthmk' th,' flo.'ht l'_tth

THIS RULE IS CONTINUED ON THE NEXT PAGE
m_

ALL FINAL 5/9/88 TP_JECTORY, GUIDANCE 4-Sq

MISSION REV DATE SECTION PAGE NO.
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NASA- JOHNSONSPACECENTER

FLIGHT RULES
R RULE

4-64 LANDING SITE WEATHER CRITERIA - Continued
(Coat)

4. THUNDERSTORM AVOIDANCE AFTER COMMITTED FOR LANDING: A
DISYANCE OF S NM HORIZONTALLY AND 2 NM ABOVE MUST BE
MAINTAINED FROM A CUMULONIMBUS CLOUD, ANVIL, OR ANY OTHER
CONVECTIVE CLOUD (RAIN SHOWER) WHOSE TOP EXTENDS TO THE
-10° CELSIUS HEIGHT.

REAL-TIME THUNDERSTORM AVOIOANCE TECHNIQUES ARE LIMITED TO
RUNWAY/HAC REDESIGNATION.

NOTE: CLEARANCES WILL BE DE_ERMINED FROM EITHER RADAR
PRECIPITATION ECHOES OR VISdAL OBSERVATIONS.

The post.commitment at,otclaace clearances 15n ml horizontal. 2 n mt vertical) u;ere
selected to reduce _mpact on energy management resulting from runway redesigwation
and mcneuuers and at the same time ensure a reasonabl) low risk of a natur,ll or
triggered ltghtntag strike Prohibttion of penetrattng cumuloaimbus, cumulus con.gestus.
and opaque anvils is beccuse of concern for triggered lightning attd,'or rata.

Reference Weather Rules Workshopat dSC MSFC. October. 1987
Rule 4-62EI.LANDING SITE SELECTION PRIORITIES. references this rule

E. TURBULENCE: NOT GREATER llIANMODERATE.

,_et,ere turbulence ts undesirable due to controllabdlty concerns Turbulence information
comes prtmartly from area ptlot reports The p;Iots' reports follow standard de_aitton.s for
the intenstty of the turbulence The aircraft reactlon for the dtfferent types of turbulence
as fou'ld in the DOD flight mh_rmatlon handb(mk, are def, nFd as follows

Light turbulence .- turbulence that rnnmentardy causes slight, erratic changes tn altitude
ond, or attitude

Moderate turbulence .- turbulence that causes changes in altitude anchor attitude, but
with the mrcraft remaining in positive control at all times

Severe turbulenc_ -- turbulence that causes large, abrupt changes in altitude aadJor
attitude It usuall._ causes large t,a",atmns in lndwated alrspeed A_rcraft may be
momentard) out of control

THIS RULE IS CONTINUED ON THE NEXT PAGE

ALL FINAL 5/9/88 TRAJECTORY, GUIDANCE 4-59

MISSION REV DATE SECTION PAGE NO.
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NASA - JOHNSONSPACECENTER

FLIGHT RULES
R RULE

LANDING SITE WEATHER CRITERIA - Continued

F. ADDITIONAL NIGHT LANDING LIMITS:

I. WHEN AVAILABLE, A WEATHER RECONNAISSANCE AIRCRAFT WILL
PROVIDE A GO/NO-GO RECOMMENDATION FOR THE LIGHT ATTENUATION
OF THE LANDING AIDS AND THE TOUCHDOWN REGION.

2. CROSSWIND LIMIT IS <_10 KTS PEAK WIND FOR ALL NIGHT LANDING
SITES. SURFACE WIND LIMITS INCLUDE MAXIMUM GUSTS (GUSTS
MUST BE <_8 KTS ABOVE THE AVERAGE WIND)

3. WIND AND ATMOSPHERIC CONDITIONS MUST NOT REQUIRE dSE OF
CLOSE-IN AIMPOINT, EXCEPT WHERE CLOSE-IN AIMPOINT PAPI's
ARE AVAILABLE.

Because th_ ai ml_nt rnarkttl_,s and v,,t mal _leographlc ut_aal cue_ ure not cts_bi* at
mght. hght att,'n uata,n of th ; land:rg, a_dx _nd touchd,u'n region area should be
minimal Th_s ,.talaatlon rJ;, qe (lght attenl, ntton will prlmard) depend on the weather
r,,conna_ssanf : atrcraft acceptabt.'l t) ahsert,ations If. hoa'erer, an a_rcrafl ts unat,atlable.
then : tsth!;_t? a dl h_"con._tram,',l b>I,lrou.nd r*hsert,atlon._fallou'lng the dayhght t'tslbthty
hm*ts

Th ; crossa md l_m _tsare [,a'er for night landt n_,,xbecause of the _nereased erea, u'orkl*_ad
and clslblht.x hmltatams be._ond th,' ruflq,a_ edges

A tuna,a? requtrmg the c'ose-_n atrnpmnt ts NO-GO unless there is a PAPI tnstalled
Vetthout the PAPI. the close.m a_mpmnt *snot utstbl ; at m£ht ;Flt Tech I. *tern3;

4. FOR LAKEBED LANDINGS WITH ZERO FAULT TOLERANT MLS, MINIMUM
CEILING LIMIT IS 20K FT. (REF. RULE 3-41B, NAVAIDS
PRELAUNCH REQUIREMENTS, MLS).

For lakeh,'d _and_nd_ ,,ntv. ,_n_le ;trlng _II.,_ ts acceptable q'cedlng_ are k!reater than
20K ?t The l ncr.,a.,,ed cet'_t hi,, prt_vld,'s mtdltmnal h me for the crew to compensate [or

nactgatmn d;_,tw_u,n_ u_ln_' ct_uu", t,,'x In addttmn the larger area prm'tded h) the
lakehed cnv_r,mm,,nt mak,.s navlgatmn dtsp*'r_mns r,'_alhng from the posmhle [adure of
th,' mngl*'-st'tn£ MI..'_more t,d.,rah;,,
Hal,"2 I. PREI.._ I 'N('It (;() ._,0 .(;t_ REq)l'IREMENTS. r_,fi,rertc_,thts rule
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NASA- ,IOHWSONSPACECENTER

FLIGHT RULES
R RULE

4-6:, LANDINGSIT[. WEATHERCRITERIA- Concluded
(Coned)

G. WET RUNWAYACCEPTABILITYCgNDITIONS

THE FOLLOWINGCONDITIONSWILL NO-GOUSE OF A SPECIFICRUNWAY:

a. HARDSURFACE

i. STANDINGWATER.

b. LAKEBEO

i. MOISTURE/STANDINGWATER.
2. WET/SLUSHYSURFACEMATERIAL.
3. POTHOLES.

c. ALL SURFACES

i. STRUCTURALFAILURES(BREAKTHROUGH)
Z, SNOW/ICE.

NOTE: CuaDITIONSARE ASSESSEDOVERTHE ENTIREPREPARED
SURFACEOF RUNWAY

Wetlakebed runways('morethan a troD",)froth) aranotacceptabiedue to the posszbihtyof
hydroplaningand lossof brake efleetly,chessDuetothe largeload bearing requirements
of the Orbiter.structural failures are not acceptableonany surface type Fissures or
cracks u,htch m_; _eadtoor beec:denceofstructuralfailures are notallowable Wet'
slushymL':r_alts notacceptabledue to the poss_b,l_tyof Orbiterdamage from thrown
surface materLalhfted up bythe tzres Potholesare notacceptableowing tothe possible
tire strut damage causedb_ impact ForConcrete surfaces, standing watermay lead to
hydroplan_ngcond:t_ons Snowwe ts notacreptableforany runwaysurface as loss of
tractton results Cond_tmnsare assessedot,erthe ent_reprepareclsurfaceof the runway
due to the uncertaintyofwhere when stand4ngwatermaygo ReferenceEntry FTP42
Rules 1-35FondJ. LANDING SITES. 2.IF I and& I.ANDING SITE WEATHER
CRITERIA. 2-31A andD. EXTENSION DAY REQUIREMENTS, 2._I A, EXTEN.
SION DAYGL'IDELL_'ES.3-4 IA. LANDING SITE WEATILERCRITERIA
4-2.I,ANDING SITE CONI)ITIONS. 4,26.PERFORMANCEBtIUNDARIES,
4-62B. LANDING SITE SEI,ECTION PRIORITIES, 4.65, DEORBIT PRIORITY FOR
EOM WEATHER 5.27. I,IMIT SIII'TDOWN CONTROL.and R.60.GNCGO NO-GO
CRITERIA. re[erencethis rule
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NASA- JOHNSONSPACECENTER

FLIGHTRULES
R RULE

4-65 OEORBIT PRIORITY FOR EONNEATHER

FORECASTVIOLATIONS (REF. RULE4-64, LANDING SITE WEATHERCRITERIA)
AT THE NONINAL EONTINE gILL RESULT IN SELECTION OF ONEOF THE
FOLLOWINGOPTIONS LISTED IN OROEROF PRIORITY:

A. DEORBIT TO PLS AT NOMINALEON TINE OR ONE ORBIT LATE TO ALTER-
NATERUNWAYS(IF REQUIREDFOR WINOS, SUN ANGLE, OR ISOL/;TED
CLOUDCOVERAGE).

B. DEORBIT TO PLS EARLY ON EOHDAY.

C. DEORBIT TO aLS DAILY OPPORTUNITY.

D. DEORBIT TO PLS 24 HRS LATE.

E. DEGRBIT TO SLS AT NOMINAL EONT[NE.

F. RELAXWEATHERCRITERIA.

Deorbit to the przmarv landin@ sde _salways desirable due to conuoy/sround operatio_ts
support and crew familiarity Options I to 4 prou4d_ a priority l=st of opt=or,z to deorbd to
the primary Land_n.gsite Should ll not be poss4ble to deorbit to the primary site, the
secondary landir_ s=tew_ll be utilized (option SI Weather criterta will be rehzxed real
teme should both the pr=raary and secondary laadLag sites be unacceptable
Rule 2-200, CONTINGENCY ACTION SUMMARY. references this rule
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